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FOREWORD 


The  Advanced  Research  Projects  Agency  has  advanced  the  concept  that  an 
effective  technique  for  developing  a  new  field  of  technology  in  materials  research 
is  to  couple  an  industrial  laboratory  with  its  counterpart  in  a  university  in  order 
to  create  an  environment  which  will  generate  a  well  balanced  center  of  excellence 
in  the  chosen  field.  General  goals  and  expectations  for  materials  research  in  an 
industry-university  coupling  program,  along  with  specific  plans  and  objectives 
for  the  Monsanto/ Washington  University  program,  were  presented  and  discussed 
at  a  symposium  (l)  held  JO  November  1965  in  St.  Louis,  Missouri.  The 
Monsanto/ Washington  University  ARPA  program  in  "High  Performance  Composites'* 
is  designed  to  test  the  coupling  concept. 

This  second  annual  report  is  an  overall  review  of  the  Monsanto/ Washington 
University  ARPA  Association  and  its  activities  for  the  second  year.  The  report 
is  a  c<  mpilation  of  papers  covering  programs  conducted  by  the  Association. 

About  two-thirds  of  the  papers  were  presented  orally  at  the  Annual  Review  Meeting 
held  IZ  July  1967  in  St.  Louis,  Mo.  The  report  emphasizes  the  three  areas  of 
prime  concern:  research,  education,  and  communication.  This  project  is 
sponsored  by  the  Advanced  Research  Projects  Agency,  Departme  it  of  Defense 
through  a  contract  with  the  Office  of  Naval  Research,  N000 1  4-67  ~C -0Z  1 8 
(formerly  N0Q014-66-C -0045),  ARPA  order  no.  87  3,  entitled  "Development  of 
High  Performance  Co  nposites.  " 

The  prime  contractor  is  Monsanto  Research  Corporation.  The  Program 
Manager  is  Dr,  John  D.  Calfee,  Monsanto  Company,  Central  Research  Department, 
St.  Louis,  Missouri,  phone  314-Oxford  4-4721. 

The  Contract  period  is  30  June  5965  to  30  April  1969.  The  amount  of  the 


ABSTRACT 


The  purpose  of  the  .Mon santo /Washington  University  ARPA  progra.r 
Performance  Composites,  "  is  to  demonstrate  through  accomplishments 
research,  education,  and  communication  that  university -industry  coupling  is 
an  effective  system  for  doing  advanced  materials  research.  This  report  is 
an  accounting  for  the  second  year  of  the  project. 

In  Mechanics,  the  finite -element  method  v/as  used  to  calculate  the  longitudinal 
stiffness  of  short  fiber  composites;  the  instability  of  parallel  edge  cracks 
determined  from  the  energy  concept  and  the  strength  and  inherent  crack  size 
obtained  from  the  stability  calculations;  Young's  modulus  calculated  for  randomly 
oriented  fibrous  composites;  a  mathematical  approach  proposed  for  calculating 
stress  fields  around  interior  cracks;  and  invariant  properties  of  a  laminated 
composite  derived  from  the  transformation  equations  of  the  anisotropic  moduli. 

In  the  Physics  and  Chemistry  Section,  the  electron  scanning  microscope 
provided  insight  into  fracture  mechanics;  composites  were  improved  by  in¬ 
corporating  a  flexible  layer  around  the  fiber;  polyacrylic  acid  reacted  with 
ZnO  to  produce  a  high  modulus,  temperature-resistant  matrix,  data  obtained 
indicating  .silane  couplers  decrease  water  diffusion  at  the  interface;  a  decrease 
in  fracture  toughness  associated  with  a  change  in  crack  propagation  mechanism; 
and  the  viscosity  of  aggregate  suspensions  desc  ribed  by  the  Mooney  equation. 

In  Fabrication  and  Processing,  techniques  were  developed  for  whisker 
fiber  classification;  strands  of  well -oriented  whisker  fibers  made  and  fabricated 
into  high  performance  composites;  x-ray  diffraction  techniques  applied  to 
measuring  fiber  orientation,  property  maps  developed  for  short  fiber  composites; 
short  boron  fil  ers  encapsulated  to  make  a  pre-preg  molding  compound  in  bead 
form;  fiber-matrix  dry  mix  molding  explored;  and  data  obtained  relating  matrix 
properties  to  fatigue  characteristics. 

In  education,  a  graduate  program  in  materials  seien<  e  was  put  into  effect 
by  the  university;  two  one -semester  seminar  courses  conducted  for  the  Association 
student  *  and  «<  ieniisls;  and  a  summer  workshop  in  mechanics  organized. 

In  communication,  the  second  annual  symposium  on  high  performance  com¬ 
posites  was  held;  publication  of  a  new  jour  nal.  Journal  of  Composite  Male  rials, 
begun;  and  rive  papers  published 
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SUM  M  A  R  Y . JJ  ,  D.  Calfee? 

The  overall  objective  of  the  Monsanto  Company/ Washington  University 
ARPA  Association  is  to  create  a  nationally  recognized  center  of  excellence 
for  high  performance  composites  by  coupling  the  capabilities  of  Monsanto 
Company  and  Washington  University  to: 

1.  Make  significant  research  advances  in  the  science  of  high  performance 
c  omposite  s , 

l.  Apply  research  information  generated  to  the  development,  of  new  composite 
materials  having  value  to  government  and  industry, 

3.  Train  otudents  in  the  field  of  advanced  materials  science, 

4.  Serve  as  a  center  of  communications  for  scientific  information  on 
composite  materials, 

'['he  Association  is  now  two  years  old.  This  report  covers  work  conducted 
during  the  second  year  of  the  project,  places  the  work  in  perspective  relative  to 
short  and  long  term  goals,  and  relates  individual  researches  to  basic  problems 
involved  in  developing  a  new  area  in  the  field  of  high  performance  composites. 

The  format  of  the  report  is  to  discuss  Association  accomplishments  and  prob¬ 
lems:  a)  coupling,  communication,  and  edui  ation  in  a  general  treatment,  and 
b)  research  through  presentation  of  technical  papers. 

Association  research  is  concerned  primarily  with  high  performance  com¬ 
posites  reinforced  with  discontinuous  fibers  of  controlled  morphology.  Orientation 
of  the  research  is  such  that  the  science  and  technology  developed  will  yield 
fabrication  techniques,  engineering  analyses  for  elemental  shapes,  and  performance 
data  applicable  to  meeting  significant  aerospace  needs  in  materia  Is,  parts,  and 
structures.  The  research  is  organized  around  three  discipline  -:  mechanic s, 
physics  and  chemistry,  and  fabrication  and  processing.  The  structure  of  the 
re scai  eh  arid  utilization  of  special  skills  within  the  disciplines  are  de signet!  to 
provide,  m  tact  demand,  university  -industry  coupling  at  every  level. 

In  line  with  the  "Center  of  Exee Hen  e"  concept,  the  work  must  be  of  curb 
c  realivity  >  quality,  and  depth  that  it  is  suitable  tor  publication  in  the  moat  demand  - 
tug  prote  s  cuHi.1 1  lourtu  [« .  Accordingly  work  vs  presented  ir-  papers  to  be  sub¬ 
mitted  for  publication  or,  in  order  to  provide  earlv  report ing  arid  / or  greater 
detail,  to  be  edited  later  by  the  author  s  tor  publication. 


II. 


O  R  G  A  N  I  Z  A  'f  1  O  N  ••  E  D  U  C  .4  T  I  O  M  - 


(J.  M.  Me  Ke Ivey) 


i 


C  O  M  M  U  N  I  C  A  T  I  O  N  -  C  O  U  P  1,  I  N  C 


During  the  first  two  years  of  its  existence,  the  AR PA  sponsored  M/WU 
Association  has  made  considerable  progress  toward  its  objective  of  becoming 
a  major  center  of  research  and  education  dedicated  to  the  advancement  of  the 
technology  of  high-performance  composite  structure  1  materials.  An  organization 
structure  which  integrates  the  acadt  mic  and  industrial  personnel  into  a  coherent 
research  community  has  evolved,  as  well  as  an  internal  structure  within  the 
university  which  has  accommodated  itself  to  both  the  research  and  educational 
objectives  of  the  Association.  Roth  are  described  in  this  paper. 

In  addition,  significant  progress  ha  s  been  made  in  the  graduate  level 
academic  program  in  materials  science  and  engineering.  Its  current  status  is 
reviewed.  The  mechanisms  established  for  the  dissemination  of  scientific 
information  are  also  describee, 

Qrganizat  i  o  n 

During  the  past  two  years  we  have  been  particularly  concerned  with  devising 
an  organizational  framework  for  the  Association  that  would  enable  a  true  research 
community  to  develop.  It  is  learly  recognized  that,  if  the  Association  should 
become  compartmentalized  into  an  academic  section  concerned  with  "basic” 
research  and  an  industry  recti  on  concerned  with  "applications",  the  coupling 
experiment,  as  we  understand  it,  would  have  to  be  considered  a  failure. 


I  iguio  S  the  Mon  s.i  nl  •.  • 

VV  a  shmgion  University  As  s ■  >c  i  .i  t  mo 
t. '  rg  a  n  ■< j  s  i.in  and  ,  'ifuifi.i! 
ih'M'.M  h  Stuff  (July  i,  I'll*/) 


Figure  1  shows  the  organization  and 
pri  nc  ipal  research  staff  of  the  Association. 
Note  that  the  research  is  divided  into  three 
<  scipisnary  areas:  mechanics  (stress 
analysis,  t  t  act  tire  mechanic  s  ,  aid  testing), 
phy  sit  s  aw!  <  hetni  st  ry  (strong  empha  si  s  on 
in,  e  r  facial  problems),  and  fabrication  and 
pro,  easing.  !  ho  re  spun  :a  :  a  1  i  t  v  for  planning 
the  research  si  r.itcgv  for  <  a<  n  ,  »i  (tie  o 
di  Ss  ipimarv  areas  is  n>  the  hand  *  of  two-  mar 
i  onmiiltees,  with  cut  h  •;  mom  i  i  t e  e  having  one 
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primarily  with  research  policies  but  may  review  other  matters  concerning  the 
operation  of  the  Association. 

In  general,  we  have  found  this  organizational  structure  works  effectively 
It.  j  s  our  judgment  that  the  Association,  having  passed  through  the  initial  and 
difficult  formative  stages,  is  now  functioning  as  a  coherent  organization. 

The  Mate  rials  Re  sea  r  ch  Laboratory 

In  August  of  1 966,  and  in  large  part  because  of  the  M/WU  ARPA  Association,, 
Washington  University  established  the  Materials  Research  laboratory  (MR  L) 
as  a  division  of  the  School  of  Engineering  and  Applied  Science,  with 
Dr.  Stephen  W.  Tsai  as  director.  fhe  function  of  MR  I.,  is  to  manage  contract 
research  in  the  field  of  structural  materials.  It  is  intended  that  the  research 
activities  of  MR  I.,  be  of  such  a  nature  that  they  complement  the  academic  programs 
of  the  School  of  Engineering  and  Applied  Science. 

The  Laboratory,  under  Dr.  Tsai,  manages  the  Washington  University  portion 
of  the  ARPA  contract  and  hence  forms  a  primary  interface  between  Washington 
University  and  the  Monsanto  Company.  The  laboratory  has  its  own  full-time 
professional  staff  plus  a  number  of  regular  faculty  members  on  a  part-time 
basis.  It  is  the  primary  research  base  for  graduate  students  working  on 
c  o  m  p  o  s  i  t  e  materials. 

Because  of  severe  space  problems  at.  Washington  University  which  wil'  not 
be  alleviated  for  about  two  years  (when  the  new  engineering  building  will  he 
completed)  the  ARPA  Association  ■  taff  of  MR  L  occupies  laboratory  and  office- 


space  at  three  different  locations.  "he  stall  has  about  dhOO  square  feet,  of 
laboratory  and  office  space  within  the  engineering  complex  on  the  main  campus, 
rents  i  Z  60  square  feet  o*  office  space  on  Lindbergh  Boulevard  near  the  Monsanto 
Company,  and  occupies  a  moduli  in  the  Monsanto  Research  Center. 

Graduate  Program  in  Materials  Science  and  Engineering 

Ah  described  «n  last  year  s  Annual  Report .  the  A  R  PA  con!  ract  was  a  signifi¬ 
cant  factor  in  die  W  a  sir  i  ngt  on  Un  i  v  e  r  s *  f  y  de?.  ;.sion  to  et-uu  b  h  sh,  *  e  r  c  h  and 
graduate  degree  prog  rams  in  the  held  of  mate  rials  s-.  tern  e  and  engine**  ring . 

The  establishment  of  this  new  activity  ha  s  become  a  part  of  the  general  for  using 
i'i  the  enginee  ring  school  ’  $  sight  s  on  graduate  research,  and  edu<  at  ion,  m  additioi 
f i'  Un  long  t-  stabii  shed  t  rarfttion  of  unde  r graduate  engineering  education 


Figure  2  Materials  Science 
and  Engineering  Program  at 
Washington  University  and  its 
Relation  to  the  Monsanto/ 
Washington  University  ARPA 
Association 


Fig.  i.  shows  the  organizational  frame¬ 
work  and  relation  ship  to  the  M./WU  ARPA 
As  sociation . 

The  program  Is  headed  by  Professor 
A.  T.  DiBenedetto  who  was  recruited  by 
Washington  University  specifically  feu  this 
purpose  The  program  has  as  its  objective 
the  training  of  materials  technologists  who 
a.*e  broadly  educated,  but  wit h  depth  m  at. 
least  one  area  of  specialization.  Our  kev 
areas  of  strength  at  the  present  time  are 
polymer  science  and  m'cromechanics. 
Participating  in  this  program  next;  year 
in  the  capacity  of  Affiliate  Professors 


will  be  three  Monsanto  scientists.  A  ..sting  of  faculty  and  students  is  given 


below: 
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Information  on  the  graduate  study 
program  in  materials  science  and 
engineering  has  been  given  wide  cir¬ 
culation,  The  reproduction  of  the  cover 
of  a  bulletin  is  seen  in  Figure  3. 

During  the  fall  of  1967,  a  vigorous 
off-campus  program  for  recruitment 
of  strong  graduate  students  will  be 
unde r taken , 

Dis  semi  nation  of  Scientific  Information 
As  has  been  mentioned  previously, 
the  M/WU  A  ssociation  considers  that 
one  of  its  key  functions  is  to  serve  as  a 
center  for  the  dissemination  ot  scientific 
information  about  composite  mate  rials, 
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e ncourages  its  own  research  staff  to  publish  significant  results  m  the  open 
scientific  literature  as  soon  as  it  is  prat  ticable.  These  activities  are  described 
in  more  detail  below: 

1 .  The  Journal  of  Composite  Materials: 

The  Journal  of  Composite  Materials  is  intended  to  be  an  inter¬ 
disciplinary  journal-of- record  for  the  publication  of  original  research 
and  review  articles  pertaining,  to  the  science  and  technology  of  composite 
materia  Is. 

The  first  issue  of  JCM  appeared  in  January  1 967.  The  1967 
volume,  consisting  of  four  issues,  will  total  about  100  pages.  As 
of  June  1,  1 967  there  were  550  paid  subscribers.  The  initial  costs 
of  establishing  JGM  are  being  borne  by  Monsanto  and  Washington 
University,  outside  of  the  AR PA  contract.  It  is  anticipated  that  JGM 
will  be  financially  self-sustaining  in  about  two  years.  Figure  4  shows 
the  members  of  the  editorial  advisory  board  established  for  JGM 
while  Figure  5  shows  the  Table  of  Contents  for  the  second  issue  and 
illustrates  the  nature  and  scope  of  the  articles  appearing  in  JCM. 
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Annual.  Symposium  on  Composite  Materials 

The  second  annual  symposium,  ''Basic  Strengthening  Mechanisms 
in  High  Performance  Composites”,  was  held  October  20-21 ,  1966 
and  attracted  a  national  audience  of  about  200  scientists  and  engineers. 
The  third  annual  symposium  on  composite  materials  will  be  held  at 
Washington  University  on  October  26-27,  1.967.  As  shown  in  Figure  6, 
its  theme  will  be  the  design  and  fabrication  of  high  performance 
composite  materials. 
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Figure  7 


informal  courses  and  Seminars: 

This  summer  the  M/V»  U  Association  will  offer  from  July  1  J  to  21, 
a  workshop  on  the  "Phv  steal  Aspect «  of  Composite  Materials”.  Lectures 
will  be  given  bv  a  number  of  outstanding  experts,  as  shown  in  Figure  7. 
The  maximum  number  of  attendees  that  (an  be  accommodated  is  .*>0 . 

Pre  regi  fit  ra  lion  indicates  thaJ  capacity  attendance  will  be  attained.  The 
Assoc  ration  Research  Council  has  unde  r  consideration  the  request  that 
she  wo r k shop  b ■■  tepeafec*  nrxt  suinnir r  at  Berkeley.  c..  c  I i I e> r o i u  'u t > , t e ■ 
jc'.u'i  sponsor  ship  v  ■,  th  the  Unive*  »ivy  of  California. 


4.  Publications 


-8 


The  following  papers  have  been  published  by  the  Association: 

1}  Chen,  P.  E.  "Stress  fields  around  parallel  edge  cracks 
in  a  tensile  specimen,  "  J,  of  Composite  Materials  1, 

#1,  January  1967. 

2}  Fairing,  J.  D,  "Examination  of  fracture  surfaces  by  scanning 
electron  microscopy.  "  Note  to  the  editor,  Journal  of 
Composite  Materials  1,  #<2,  April  1967. 

9  Tolbert,  T.  L.  "Matrix  studies  in  the  Monsanto/ Washington 
University  ARPA  project.  "  U.  S.  AF  Mat'ls.  Lab, 

Advanced  Composite  Hardware,  1966. 

4)  Tsai,  S.  W.  "A  review  of  strength  theories  of  composite 
materials."  U.  S,  AF  Mat'ls,  Lab.  Advanced  Composite 
Hard  ware,  1966, 

*>)  Tsai,  S.  W.  "An  advancing  technology.  "  J.  of  Composite 
Materials  i_,  #1,  January  1967. 

These  have  been  submitted  for  publication: 

I)  Anderson,  R.  M.  "Some  major  factors  controlling  torsional 
fatigue  life  of  fiber  reinforced  plastic  composites.  " 

l)  Kenyon,  A.  S,  and  Duffey,  H.  J  "Properties  of  a  particulate 
filled  polymer.  " 

i)  Nielsen,  L.  E.  and  Chen,  P.  E.  "  Young's  modulus  of 
randomly  oriented  fiber-filled  composites.  " 

4)  Tsai,  S.  W.  and  Chen,  P.  E.  "Longitudinal  stiffness  of 
discontinuous  fiber  composites.  " 

As  research  stands  at  time  of  preparation  of  this  report.,  8  papers 
will  be  submitted  during  the  next.  4  months  and  approximately  1 0  papers 
the  following  8  months. 


Coupling 

I  shall  now  speculate  about  the  long-term  significance  of  the  coupling  concept 


My  frame  of  reference  is  that  of  the  university,  but  I  will  comment  briefly  on 


its  significance  for  corporations  dealing  in  advanced  technologies., 

Two  years  ago  i  was  convinced  that  a  compelling  argument  could  be  made 
for  coupling  from  the  engineering  educator's  point  of  view.  This  argument 
ban  been  made  and  I  viii  only  brief  iy  review  if  here.  »  o  a  pprec  late  it.  one  inuni 
understand  what  is  happening  today  in  engineering  education.  In  brief,  engines  .*  iug 
education  is  rapidly  becoming  graduate  education,  a @  shown  in  Figure  8.  By 
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1980  the  production  of  graduate  degrees  m 
engineering  may  reach  50,  000  compared 
to  8,  000  or  9.  000  in  I960. 

Marry  of  these  graduate  students  and 
their  professors  wild  be  involved  in 
laboratory  research  of  some  kind  or  another. 
There  is  potential  here  for  an  educational 
disaster.  If  these  graduate  students  and 
their  professors  choose  to  try  to  imitate 
the  "pure"  research  being  done  next  door 
in  the  departments  of  natural  science,  the 
country  will  find  itself  with  a  generation  of 
"engineers"  who  are  not  problem  oriented 
and  who  could  have  erroneous  ideas  as  to 
the  function  and  role  of  engineering  and  its 
relationship  to  technology. 

The  ARPA  coupling  programs  can  have 
a  very  direct  and  beneficial  effect  on  this 
problem.  By  coupling  graduate  research  to  the  demands  of  modern  technology, 
engineers  have  a  much  better  chan  re  nf  emerging  from  graduate  schools  as 
first  class  technologists. 

In  conclusion,  the  ARPA  sponsored  M/WU  association  has  committed  itself 
to  becoming  a  "center  of  excellence"  in  the  new  and  important  field  of  composite 
materials  technology .  It  expects  to  make  contributions  on  three  fronts;  education, 
research,  and  the  dissemination  of  scientific  information.  I  have  reviewed  some 


Figure  8 


of  our  accomplishments  in  the  education  and  communications  area.  To  re  ¬ 
capitulate  briefly,  we  are  dedicated  to  producing  materials  technologists,  broadly 
educated,  but  with  depth  in  at  least  one  area  cf  specialization,  whose  education 
and  gradu.ait  experience  will  orient  them  toward  pressing  technological  problems. 
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III,  M  E  C  H  A  N  I  C  S  (S.  W.  Tsai  and  P,  E.  Chen) 


Although  high  performance  composite  materials  have  been  of  interest 
for  over  10  years,  research  in  the  mechanics  of  composites  was  initiated 
only  in  the  last  five  years,  A  number  of  earlier  works  were  Intended  to 
describe  the  mechanical  behavior  of  fiber-reinforced  composites,  an  example 
of  which  is  the  netting  analysis  pioneered  by  Young  in  the  17.,  S.  ,  and  Cox  and 
Gordon  in  England.  Netting  analysis  may  be  interpreted  as  a  special  case  of 
the  continuum  model,  but  in  the  process  of  simplification  some  basic  principles 
of  mechanics  are  violated.  Netting  analysis  cannot  simultaneously  satisfy 
equilibrium,  compatibility,  and  the  constitutive  equations.  It  is  formulated 
with  the  assumption  that  only  the  filaments  carry  load  and  the  matrix  is 
ineffective,  which  contradicts  the  physical  reality.  However,  some  researchers 
still  find  it  difficult  to  discard  the  theory,  because  a  theoretically  sound  approach 
like  that  of  continuum  mechanics,  requires  considerably  more  mathematical 
discipline.  In  our  ARPA  program,  we  are  trying  to  project  the  importance  of 
mechanics  in  the  research  of  composite  materials  to  a  level  not  yet  generally 
accepted  in  the  field.  The  underlying  philosophy  is  that  mechanics  represents 
an  essential  discipline  in  the  design  and  understanding  of  composites.  It  follows 
that  engineering  data  and  material  characterization  must  be  properly  coordinated 
with  the  needs  of  the  designer.  In  the  Monsanto/ Washington  University  ARPA 
program,  mechanics  is  recognized  as  one  of  the  three  basic  disciplines. 

Attempts  are  made  to  insure  that  our  graduate  students  sn  the  Materials  Science 
and  Engineering  program  have  a.  basic  understanding  and  a  working  knowledge 
of  the  mechanics  princ iples. 

The  mechanics  research  in  composite  materials  is  intended  to  achieve  the 
following  ohj  ec fives: 


To  establish  the 

belong  to  a  class 


structural  performance  of  composites.  Composites 
of  materials  basically  different  irons  ords  na  rv 


1  i  • 


properties.  Advanced  methodology  in  testing  will  be  developed 
so  that  the  structural  performance  of  the  composites  can  be 
better  understood.  Mew  engineering  data  will  be  generated  so 
that  such  materials  can  be  better  designed. 

Z.  To  establish  analytically  and  verify  experimentally  the  contribu¬ 
tion  of  the  constituent  materials  to  the  gross  behavior  of  the 
composite.  Critical  factors  which  must  be  investigated  include 
the  mechanical  and  geometrical  properties  of  the  constituents  and 
the  strength  of  the  interface  (including  a  narrow  zone  which  may 
exist  at  the  interface).  The  irregular  shapes  and  the  random 
packing  of  the  reinforcing  phase  and  voids  in  the  matrix  will  also 
be  investigated.  The  results  of  this  investigation  may  be  used 
as  guidelines  for  materials  design,  i.  e.  ,  the  selection  of  com¬ 
patible  constitutent  materials,  their  geometric  shapes,  and  the 
controlled  interface. 

3.  To  establish  a  bas  e  mathematical  model  from  which  the  reliability 
of  composites  can  be  established,  in  this  area  of  investigation, 
environmental  effects  due  to  cyclic  and  impact  loadings,  corrosive 
atmosphere,  and  creep  will  be  included.  The  basic  approach  will 
rely  on  nonlinear  viscoelastic  theories  and  fracture  mechanics. 

4.  To  t  rans  *ate  the  results  of  research  into  the  design  criteria  of 
materials  which  can  be  used  to  meet  ae  r  os  pace  needs. 

Reviewing  the  work  in  the  Mechanic »  Section,  Drs.  S.  W  Tsai  and 
i\  K.  Chen  are  using  the  finite  -element  method  to  study  the  stress  disit  rihut  mu 
in  composites  res  ‘orced  by  shot  t  unidirectional  fibers  and  subjected  to  longitu¬ 
dinal  load.  The  effects  of  stillness  ratio,  volume  fractions  oi  the  constituents , 
ami  the  fiber  aspect  ratio  on  the  longitudinal  co?  >po»  ite  stiffness  are  calculated. 
Comparisons  w  ith  experimental  results  have  indicated  >h,;U  tflis  met  hod  is  more 
•  1  c c  u rate  than  the  snoir  lag  .-m.a  i  y  s  i » <  Since  rtdi.iliii'  tfi v ■“tic -.v i  model  can  be 
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approach,  it  can  be  used  to  eliminate  unnecessary  laboratory  work  and 
optimize  the  use  of  the  constituent  materials. 

Dr,  Chen  has  calculated  the  stress  fields  around  parallel  edge  cracks  in 
a.  tensile  specimen  from  the  equilibrium  and  compatibility  conditions,  and 
determined  the  instability  of  such  cracks  from  the  energy  concept,  based  on 
the  Griffith -Orowan  theory.  From  the  stability  calculation,  the  strength  and 
inherent  crack  size  of  the  material  can  be  obtained.  On  the  other  hand,  it  can 
also  be  used  to  calculate  the  modulus  of  elasticity  or  effective  surface  energy 
when  the  other  parameters  are  known. 

For  many  structural  applications ,  the  random  orientation  of  the  fibers  may 
be  desirable  since  in  the  plane  of  the  sheet  the  elastic  modulus  is  the  sanri'*  in 
all  directions.  The  Young's  modulus  of  liber -filled  composites  in  which  the 
fibers  are  randomly  oriented  in  a  plane  has  been  calculated  by  Drs,  Nielsen 
and  Chen  using  equations  based  on  the  classical  theory  of  elasticity.  For  fibers 
with  moduli  much  greater  than  that  of  the  matrix,  randomly  oriented  fibers 
give  moduli  much  smaller  than  the  moduli  measured  on  composites  containing 
fibers  all  aligned  parallel  to  the  direction  of  the  applied  tensile  stress.  One 
has  thus  traded  great  stiffness  in  one  direction  for  much  less  stiffness  in  all 
directions  in  going  from  oriented  fibers  to  a  random  distribution  of  fibers. 

Using  Michell's  continuity  equations  for  the  s  ingle-val  uedness  of  rotations 
and  displacements ,  and  extending  Prayer's  method  for  calculating  the  plane 
elastic  strains  in  doubly  -connected  regions  Dr.  Chen  has  proposed  a  mathe¬ 
matical  approach  for  solving  the  s  t  reas  fields  a  round  interior  e  racks .  Though 
the  computer  program  and  the  example  presented  a  re  that  of  a  single  interior 
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net  a!  case  of  multiple  intern 


inc  luded.  The  mathematical  model  wilt  be  used  to  study  the  interaction  among 
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Invariant  properties  of  a  laminated  composite  have  been  derived  by 
Drs.  S.  W.  Tsai  and  N.  J,  Pagano  (AFML)  from  the  transformation  equations 
of  the  anisotropic  moduli.  These  properties  may  be  considered  intrinsic 
because  they  are  independent  of  the  orientations  and  thicknesses  of  the  cons ti- 
tuent  layers.  These  properties  are  useful  for  comparing  the  performance  of 
composite  materials  with  that  of  homogeneous  and  isotropic  materials,  and 
can  also  serve  as  a  basis  for  design  optimization. 

Currently  the  Mechanics  Section  is  using  the  continuum  mechanics  approach 
to  expand  the  study  of  factors  affecting  the  stiffness  and  strength  of  discontinuous 
fiber  composites;  statistically  analyzing  the  effect  of  irregular  fiber  s pacings 
on  the  transverse  stiffness  of  composites;  continuing  the  calculations  of  stress 
fields  around  interacting  cracks  and  inclusions;  and  coordinating  and  translating 
research  results  into  the  language  of  the  design  engineer. 

Future  projects  will  include  variable  interface,  fracture  of  composites 
under  combined  loading,  reliability  and  fatigue  behavior,  testing  of  elemental 
shapes,  and  structural  evaluation  metallic  composites.  Mr.  Rodney  L,.  Thomas, 
Drs.  Edward  M.  Wu  and  Ori  Ishai  will  join  the  staff  of  the  Mechanics  Section 
t h  in  a  urn  m  e  r . 
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on  composite  materials  is  explicitly  and  implicitly  deduced  from  the  shear  lag 
analysis,  examples  of  which  include  the  load-transfer  and  reinforcing  mech¬ 
anisms,  the  concepts  of  critical  aspect  ratio  and  critical  fiber  volume,  the  role 
of  the  interface  and  the  matrix,  the  rule -of -mixtures  relations,  and  so  on.  A 
more  accurate  method  than  the  shear  lag  analysis  will  improve  the  understanding 
of  composite  materials. 

Chir  method  is  based  on  the  finite-element  technique,  which  is  a  numerical 
approach  based  on  the  fundamental  concepts  of  equilibrium  and  compatibility, 
for  determining  stresses  and  deformations  in  complex  structures.  It  is  particu¬ 
larly  suited  to  the  treatment  of  problems  of  composite  materials  because 
multiphase  materials  can  be  handled  in  a  straight-forward  fashion,  A  discon¬ 
tinuous  fiber  composite  is  represented  in  Figure  1,  The  usual  assumptions  of 
plane  elasticity  are  used.  Perfect  interfacial  bonding  is  assumed  unless  otherwise- 
indicated.  Other  assumptions  include  the  idealized  packing  arrangement  of  the 
fibers,  and  that  both  constituents  are  homogeneous,  isotropic  and  linearly  elastic. 

Uniform  loading  is  applied  along  the  axes  of  the  fibers.  The  present  study  is 

restricted  to  the  effects  of  stiffness  ratio  E-/E  .  aspect  ratio  L./D,  and  fiber 

t  m 

volume  fraction  V'^..  For  the  sake  of  completeness,  the  basic  theory  of  the 
finite -element  method  is  outlined  in  the  next  sec* ion. 

Theory 

5-9 

The  finite-element  method  has  been  known  to  stress  analysts  for  more 

than  a  decade  in  its  applications  t<>  the  analysts  oi  large  complex  structures. 

1  0.  1  1 

The  v  al  idit  y  of  thus  method  has  been  repeatedly  verified  by  experiment;-: 

The  method  is  based  on  the  direct  stiffness  oncept  which  c  orci  ide  rs  the  ; 

,*«  t  rut  turn  as  an  assemblage  of  idealized  elastic  elements  assumed  to  be  joined 
bigcther  at  disc  rets  nodes .  Bv  adding  together  at  each  node  the  stiffness  1 

t  oefficjcnt*.  of  adjacent  elements  a  stiffness  matrix  for  the  at  rut.  ture  is  obtaind 
shirt  stiffness  relates  the  r.  «tf.e  rnal  forces  arting  on  the  node  d  to  the 

d i s  plan  **menl»  of  the  nodes. 

!  i  _  i  t.-  J  :  j  ,  f  \  ; 

'  1 


'-c,:  --a-.-.  .m&friflyygvtekaettrc1: 


IS 


By  inverting  the  st  iffntsg  matrix  one  obtains  an  influence  matrix  which 
gives  the  nodal  displacement#  as  a  function  of  the  external  forces  or  loads 
acting  on  the  "tmtiu.c. 

(6}  =  [k]'j  If]  (.;) 

Using  the  same  st  rain  pattern  for  the  elastic  element  that  was  assumed 
for  deriving  its  stiffness  coefficients,  one  can  derive  a  matrix  of  stress 
coefficients  which  gives  the  stresses  in  the  element  as  a  function  of  its  nodal 
displacements , 

}  =  is  3  l6  3  (3) 

n  n  n 

Therefore,  once  equation  (Z)  has  been  solved  for  the  nodal  displacements, 
the  stresses  in  the  n-th  element  are  given  by  equation  (3),  where  [.S^J  ie  the 
stiffness  matrix  for  the  element  and  6^  are  its  nodal  displacements. 

Analysis  of  the  Fundamental  Region 

The  idealized  fiber  packing  is  shown  in  Figure  1.  In  order  to  facilitate  the 
computation  of  the  effective  stiffness  and  the  distribution  of  stresses  and  de forma 
tier,  in  the  composite,  the  symmetry  and  compatibility  requirements  of  a 

WMummsm  mmswm mom  m 
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vamm mmom  mvmmetmm  wmmR*e«ss»  e«h»n 

twa&asmtmx  mmsmKmmm  mmmammmm 
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?.  UiU?'c‘  I  Idealized  Di»  -  F i re  <3  F u nd a nr? ** n ta.l  RegiOti, 

c  o  .¥  din  i '  o  i  *  s  JF '  n  r  **  r 
Com  |h d8  i  i e , 

t  undatnen  ti<.\  r  r  %  \ on  as  **  how  n  m  Figure  Z  a  ;  e  u^rd.  It  is  a  a  turned  U*  at  under 
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the  interaction  «»nroag  fibers,  which  is  very  essentia?,  in  the  r tudy  of  practical 
composite  materials.  The  procedure  for  anal  '»ing  this  fundamental  region 
by  superposition  follows  that  of  Reference  IZ  ant.  i  subsequently  described. 

Since  symmetry  conditions  of  the  fundamental  regi  i  w'  a  !fe  .?  fc1  £5  si  !t  i  ^  nA  4  $  i  &  |'v?  1.  C_-  tS 
merit  boundary  formulation,  superposition  of  the  finite '•element  solutions  roust 
be  employed.  The  object.  i»  to  solve  a  typical  problem  shown  ns  Problem  i  in 
Figure  3  where  arbitrary  normal 

»  I  I  t  .si  ;  ,  <U  08  t  f*  t 

loadings  S’  and  V  at  infinity  are  ""}  . '  . . I .  ...  I  TV, 

®  yJ  j  .  » . y-A  j  ‘.V--;  ;  . 

given.  It  is  desired  to  obtain  the  1  •  j  j  rjT~ . "1 : 

|“'rrj'i  i  . . "  i  “v"~j i 

distribution  of  stress  and  strain  in  ~  J  .  . T . •  j 

. jr‘  i  ^  j  \,  i 

|T>'  |  |  f  jY)’ 

straight-forward  method  is  to  solve 

Problem  a  i  and  l,  shown  also  jn  „  _  ...  ,  . , 

Figure  3  hope  rpcsitj  on  of  Finite  - 

Figure  3,  and  fay  superposition  Element  Solutions. 

Prcblem  ...  i»  solved 
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Figure  3  Superposition  of  Finite- 
Element  Solutions . 


The  boundary  conditions  and  results  for  these  problems  a 


Problem  1 


u  at  x 

o 

0  at  x 


0  «.x  t 


0  throughout  the  boundary 
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I  he  results  obtained  are  u>.  v, , 
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if  arbitrary  average  stresses  cF  and^  are  imposed  on  4'Jne  fundamental 
^  :K3  ys 


region, 
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Substituting  these  into  the  previous  equations  and  after  rearranging: 


Uj/u  »  [c?  ®  sr  ]/  x* 

3  O  V?,  S3  X2  ”1 


V-,/  V  3 


[-o  S'  +  a  of  J  /  \* 


yi  xs  x«  y3 


where  X 1  s  o  2T  -  S’  2f 

xi  yi  ys  Xi 


Once  m  and  n  are  knov/n,  where  subscri  is  ,  and  z  refer  to  the  average  stresses 
obtained  from  Problems  1  and  2.  and  subscript  j  refers  to  the  imposed  stresses 
at  infinity,  then  the  resulting  displacements  snd  sire 3 sew  at  each  point  of  the 
fundamental  region  car.  be  obtained  by  superposition  of  the  results  of  Problems 
1  and  2: 

u  =  mu  j  +  nu* 
v  i=  mvj  f  nvj 

0  ~  rr*  0>  .f  n  o 


m  o  t  n  <-■ 
y  *  yt- 


f  n  1 

yi  xy/. 


Problem  5  rnav  involve  several  <•  omhinaf ions  of  the  normal  loacti rigs  at  infinity 


e,  g,  ,  uniaxial  loading  along  rlu>  k-  or  v--axi.  n,  biaxial  foaciog,  etc. 


The  theoretical  r  er-mlts  of  th*  finite  -eierv  -mi  method  are  shown  i  r>  the 
following  figures,  w  ith  dr  tailed-  discussions  In  tin.  .uest  sec  turn. 
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Figure  4  shows  the  comparison  between 
Tyson's  and  Davie'  experimental  results 
shown  as  circles  ’  and  the  cor  espondinp 
curve  calculated  by  the  finite-element  method 
for  the  distribution  of  shearing  stress  at.  the; 
fiber-matrix  interface  parallel  to  the  interface. 
The  results  are  for  an  araldite  matrix  with  an 


Figure  4  Comparison  of 

Experimental  Results  With 
Theoretical  Curve  for 
Interfacial  Shear. 


Figure  5  shows  the  comparison  between 

3 

he  results  of  the  shear  lag  analysis  and 
he  corresponding  results  of  the  finite - 
element  method  for  the  interfacial  shear. 

The  results  are  also  for  araldite  matrix 
with  an  aluminum  fiber,  but  end  adhesion 
j.  a  a  a  s  u m  e d  t  o  b e  b  roken, 


aluminum  fiber,  and  correspond  to  the  case 
of  'Tiber  end  bonded  to  the  matrix.  " 


Figur  e  5  Comparison  of  Results 
From  Shear  Lag  Analysis  and 
Finite- Element  Method  for  Inter- 
facial  Shear. 


U  should  also  be  pointed  out  that  the  fiber  end  adhesion  must  be  assumed  to 


be  broken  in  the  shear  lag  analysis,  whereas  the  finite-element  method  can  be 
vised  to  compu.c  the  stresses  and  deformations  for  both  the  “fiber  end  bonded" 
and  "liber  end  adhesion  broken"  cases. 

i  4 

Figure  6  shows  the  stiffness  utilisation  factor  as  a  function  of  aspect  ratio 
for  different  stiffness  ratios  and  fiber  volume  fractions.  Utilization  factor  is 
defined  as  the  ratio  of  the  longitudinal  stiffness  of  a  discontinuous  fiber  compos  sir 
and  that  of  a  c  ontir-uous  fiber  composite  with  the  same  stiffness  ratio  arid  fiber 
volume.  Four  still  ness  ratios,  viz.  ,  1  b,  2  0  and  120,  are  shown.  They  r«.ay 
x  *i  p  r  e»  v nt  h orn  egeus  ou  ■»  mate  Ha  5 ,  boron -aluminum,  glass  -  epoxy  and  boron  -e poxy 


~zn~ 


compos i  tes,  respectively.  Two  fiber  volume 

.fractions,  approximately  40  percent  and  7  0 

percent,  are  included.  The  calculation  here 

is  based  on  perfect  interfacial  bond,  including 

the  ews.  This  assumption  is  believed  to  be 

■more  realistic  for  the  determination  of  the 

composite  stiffness.  It  may  be  pointed  out 

15 

that  the  results  recently  reported  by  Foye 
for  boron-epoxy  composite,  and  aspect  ratio 
up  to  4  agree  well  with  the  present  theoretical 
Dred  iction. 

i7W£9i  WOWIAOAv  i  t> 

Figure  7  is  a  plot  of  fiber  volume 
fraction  versus  the  longitudinal  stiffness 
of  boron-epoxy  composites  with  various 
aspect  ratios.  Limited  data  of  discon¬ 
tinuous  boron-epoxy  composites  are 
also  shown  in  various  symbols  corres¬ 
ponding  to  different  aspect  ratios 
indicated  on  the  figure.  The  data  were 
obtained  in  the  Monsanto/ Washington 

University  program.  Recent  measure- 
1  4 

ments  by  Kane  for  1.,/D  =  150  ate 
also  shown. 

Figure  8  shows  the  com  pa  rison  between  the  results  of  stiffness  calculations 

from  the  shear  lag  anatys  is ,  which  is  re  presented  by  Foliation  (fi.  4)  on  page  I  24 

in  Reference  £,  and  the  cnr responding  results  fro  m  the  finite  -  element  method 

for  E,/.E  a  6  and  1 L  (},  and  V  ,  »  40  percent.  The  6  value  used  ».i»  the  above  men 
:f  r.n  i 

Honed  equation  is  calc  ulated  for  the  planar  mode!  (3),  but  th  diffv  »  once  t»*f  wee n 
the  stiffness  compuieu  f rum  this  model  and  that  from  the  c  yltndrical  model 
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Figure  7  F'ilu  •'  Volume  Fraction 
Versus  Longitudinal  Stiffness  of 
Bor o n -■  E j > o x v  C o r n posit.es  With 
Various  Aspect  Ratios  -  Theory 
Vers  u  a  E  x  pe  r  i  m  e.  n  t . 
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Figure  6  Stiffness  Utiliza¬ 
tion  Factor  as  a  Function  of 
Aspect  Ratio,  Stiffness  Ratio, 
and  Fiber  Volume  Fraction. 
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becomes  relatively  immaterial  for  high 
1.0  i  j  values.  Significant  difference  is 
seen  for  low  aspect  ratios.  As  the 
stiffness  ratio  and/or  aspect  ratio 
increases,  the  difference  between  the 
results  from  the  two  methods  is 
reduced. 
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Figure  3  Comparison  Between  the 
Results  of  Stiffness  and  Calculations 
From  the  Shear  Lag  Analysis  and 
Finite  -  El  ement  Method  for  E«/ E  ■« 
6  and  12  0,  and  =40  percent. 


Figure  9  Longitudinal  Stress 
Variation  Along  a  Fiber. 


In  Figure  9,  the  normal  stress  in  the 
fiber,  af  ,  is  shown  as  a  solid  line.  This 

Figure  9  Longitudinal  Stress  case  corresponds  to  a.  stiffness  ratio  of 

Variation  Along  a  Fiber.  ,  .  ... 

120  (a  typical  boron-epoxy  composite), 

aspect  ratio  of  2  0  and  fiber  volume  of  40  percent.  The  Poisson’s  ratios  for  both 
the  fiber  and  matrix  are  0.  3.  Shown  as  a  dashed  line  is  the  normal  stress  profile 
computed  from  the  shear  lag  analysis,  with  the  plateau  representing  the  fiber 
stress  derived  from  the  rule-of-mixtures  equation,  that 

or.  -  K  6f  /I  V.  E  r  V  E  ]  .  (4) 

f  i  x  if  rn  m 

Figure  10  show's  rhe  utilization  factor  of  longitudinal  strength  as  a  function 

of  fiber  aspect  ratio  for  the  case  of  £ ./  E  -  3  (a  typical  tungsten -copper 
’  i  m 

composite),  and  V  -  5  0  percent.  The  curves  represent  the  results  of  the 
shea t  lag  analysts  from  Dow,  arid  Kelly  and  Tyson  an  reported  by  W,  H,  Sutton 
in  Chapter  9  of  Reference  i  ?.  The  dots  represent  data  reported  by  Kelly  and 
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Tyson  .  The  st  rength  utilization 
factor  is  defined  aa  the  strength 
ratio  of  the  di 3 continuous  to  the 
continuous  fiber  composite®,, 


Figure  10  Strength  Utilisation 
Factor  Versus  Aspect  Ratio. 

Discuss  ion 

The  results  of  the  finite -element  method  compare  closely  with  the  photo- 

3 

elastic  model  of  single  inclusion  by  Tyson  and  Davis  ,  as  shown  in  Figure  4, 
Figure  5  shows  the  comparison  of  interfacial  shear  stress  between  the  present 
method  and  the  shear  lag  analysis,  both  of  which  correspond  to  the  end  broken 
case.  Our  results,  show  a  maximum  shear  stress  six  times  as  large  as  that  by 
the  shear  lag  analysis.  This  will  be  a  significant  consideration  in  the  under¬ 
standing  of  the  load-transfer  mechanism  and  the  strength  of  a  discontinuous 
fiber  composites. 

The  utilization  factor  for  the  longitudinal  stiffness  as  a  function  of  stiffness 
ratio,  fiber  volume  fraction  and  the  aspect  ratio  is  shown  in  Figure  6,  The 
present  method  of  computation  is  based  on  the  theory  of  elasticity,  as  opposed 
to  the  strength -of-materials  approach  of  the  shear  lag  analysis.  The  principal 
difference  is  that  the  interaction  among  fibers  is  taken  into  account  in  our 
method.  This  1a  important  because  most  compost  tes  of  interest  contain  large 
fiber  volume  fractions  and  interaction  among  fibers  must  be  considered.  Com¬ 
parison  of  the  analytical  prediction  with  available  experimental  results  of 
boron  -epoxy  compos  Mea  are  shown  in  Figure  7.  The  agreement,  with  the 
exception  of  one  point,  is  amazingly  close. 

In  Figure  8,  the  results  of  the  shear  lag  analysi  s  are  compared  with  the 
fixate -element  method  in  terms  of  the  utilization  factor  of  the  longitudinal 
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between  the  two  methods 
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relatively  small.  This,  however,  is  not  sufficient:  to  just  ify  the  validity  of 
the  shear  lag  analysis.  A  similar  situation  exists  in  the  computation  of  the 
transverse  stiffness  of  a  unidirectional,  composite.  It  is  known  that  numerous 
strength  -of-mate rials  approaches  agree  reasonably  well  with  elasticity  solu¬ 
tions,  An  acceptable  explanation  may  be  that  the  gross  elastic  moduli  of 
composites  are  not  significantly  affected  by  the  local,  stress  distribution. 

Figure  9  shows  the  difference  between  the  average  fiber  stress  computed  from 
the  two  methods.  The  stress  profile  does  not  show  abrupt  changes  from  which 
critical  fiber  aspect  ratio  can  be  defined.  Secondly,  the  peak  fiber  stress  can 
exceed  the  maximum  1  evel  permitted  by  the  shear  lag  analysis,  Equation  (4). 
Figure  5  also  shows  a  significant  difference  in  the  predicted  interfacial  shear 
stress.  The  important  point  is  that  the  shear  lag  analysis  cannot  be  used  for 
the  determination  of  the  local  stress  distribution. 

We  believe  that  the  unde  rstanding  of  the  behavior  of  discontinuous  fiber 
composites  should  be  interpreted  in  the  light  of  more  exact  methods  than  the 
shear  lag  analysis.  From  the  stress  distribution  in  the  fiber,  the  matrix,  and 
at  the  interface,  the  mechanism  of  load  transfer  and  composite  strength  may 
be  explained.  Although  this  work  is  still  in  progress,  we  have  sufficient 
information  to  show  that  the  strength  of  diorontinuous  fiber  composites  is  not 
necessarily  governed  by  the  average  fiber  stress.  Using  fiber  failure  as  the 

basis  of  strength  calculation,  the  shear  lag  analysts  would  predict  the  results 

Z  i 

shown  in  Figure  10.  Note  that  experimental  data  are  s ignificantly  different 
from  either  prediction  of  the  aspect  ratio  by  orders  of  magnitudes.  Thus,  the 
concept  of  critical  aspect  ratio  and  toad-transfer  me,  hanisms ,  and  strength  of 
composites  should  be  reexamined 
'(  one  S  u9  ion  H 

Based  on  our  re»  ult# ,  the  following  conch  gsons  may  he  Mia  fed; 

S,  The  $ h e a  r  lag  anal U>  docis  not  provide  re!  =  able  »nfo rmaitoii  on  the 

a  f.  retiss  d  is  t.  s  •  b  \ii  i  on  m  d  * *  r  on  timi  on  t*  fiber  romp'll  t  e  # The  a  i  x it- 
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£.  Critical  aspect  ratios  should  be  defined  in  terms  of  utilization  factors 
for  stiffness.,  strength,  and  other  possible  criteria. 

3,  The  role  of  fibers  in  a  composite  is  to  increase  the  stiffness  and/or 
the  strength  of  the  composite.  For  light-weight  materials ,  the 
stiffening  aspect  is  often  more  important  than  the  strengthening  aspect 
Discontinuous  fiber  composites  seem  to  have  high  utilization  factors 
.  for  the  longitudinal  stiffness,  but  relatively  lower  utilization  factors 

for  strength,  A  strong  matrix  and  a  strong  interfacial  bond  are  both 
necessary  to  fully  utilize  the  high  strength  of  the  fibers. 
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Nomenclature 

a,  b  s  Length  and  width  of  the  fundamental  region. 

Ej.  -  Young's  modulus  of  the  fibers, 

£  s  Young's  modulus  of  the  matrix, 

m 

E  =  Effective  longitudinal  modulus  calculated  from  the  rule-of- 

L« 

mixtures  equation  for  continuous  fiber  composite. 

E  -  Effective  longitudinal  modulus  calculated  by  the  finite-element 

method  for  discontinuous  fiber  composite. 

D  -  Diameter  of  fiber. 

L  s  L  e  n  g  t  h  o  f  f  i  b  e  r . 

L/D  -  Aspect  ratio  of  fiber,, 

u,  v  »  Displacements  in  x-  and  y-direettans. 

Vf  s  ••/olume  fraction  of  the  fibers. 

R e eta n g i » 1  a r  c o o r cl  •  n ate** . 

Normal  stresses  in  x~  and  y  -di  i  ections. 


v 
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€  ,  6  ~  Normal  strains  in  x-  and  y-dlrections. 

x  y 

T  _  x  Shearing  stress  in  xy -plane  parallel  to  x-  or  y-axis. 

T  r.  Shearing  stress  at  the  fiber -matrix  interface  parallel  to  the 

inte  rface. 

If}  =  Force  vector, 

[K  J  a  Stiffness  matrix. 

( a  }  =s  Stress  vector  for  the  n-th  element, 

n 

[6,]  =r  Die  placement  vector. 

[sl  a  Stiffness  matrix  for  the  n-th  element, 

n 

[5  }  =  Displacement  vector  for  the  n-th  element. 
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ON  THE  INSTABILITY  OF 


PARALLEL  EDGE  CRACKS 


(P,  E.  Chen) 


A  numerical  approach  is  proposed  in  this  paper  for  determining  the 
instability  of’  parallel  edge  cracks  in  a  tensile  specimen.  These  cracks  are 
likely  to  develop  from  two  free  surfaces  or  edges  in  the  matrix  of  a  composite 
material  which,  may  lead  to  the  ultimate  failure  of  the  composite.  The  free 
surfaces  or  edges  are  intended  to  simulate  the  initial  in  ter  facial  defect  or 
bond  failure  of  neighboring  inclusions  in  a  composite. 

From  the  stability  calculation,  the  strength  and  inherent  crack  size  of  the 
material  can  be  readily  obtained.  On  the  other  hand,  it  can  also  be  used  to 
calculate  the  modulus  of  elasticity  or  effective  surface  energy  when  tine  other 
parameters  are  known. 

The  mathematical  model  for  the  stress  fields  is  baaed  on  the  biharmonic, 
equation  for  the  stress  function  with  appropriate  boundary  conditions.  Isotropy, 
homogeneity,  linearity,  as  well  aa  plane  state  of  stress  are  assumed.  Photo¬ 
elastic  experiments  had  been  conducted  on  CR-39  specimens  under  uniaxial 

tension.  The  details  of  the  experiments  and  the  comparison  between  theoretical 

,  1 

and  experimental  results  we "e  reported  in  a  previous  paper  . 

Mathematical  Model 

The  tensile  specimen  under  consid-  j 

oration  is  shown  in  Figure  1  where  the 

coordinate  axes  are  chosen  such  that  the 

x-axis  coincides  with  one  of  the  free 

edges  of  the  specimen,  and  the  half- 

domain  on  the  right  of  the  y  -axis 

coincides  with  that  on  the  left  after 

being  rotated  I  80'  about  the  center  of  the  domain.  fhe  specimen  is  loaded  at  the 

ends  by  uniformly  distributed  tension  o  .  It  is  assumed  that  the  .  racks  are 

o 

perpendt  ular  to  the  free  edges ,  the  crack  geometry  is  that  of  a  slit,  the  spacing 

Ijc i  -a  *'*■■■  u  tire  s  wo  auriac  e«  o(  a  r  tack,  is  small  but  not  xe  ro,  and  the  i  rack  surt^css 
,  n-  free  ,rf  u:  ifh  norma:?  and  shearing  stresses.  s' he  length  ot  each  crack  a : , . :  the 
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Figure  i 


Tens  lit*  Specimen. 


By  introducing  a  stress  function  *  one  can  write  the  biharmonic  equation 

r?i  V-z  $  -  0  0  ) 


which  satisfies  both  the  equilibrium  and  compatibility  equations.  In  terms  of 
the  stress  function,  the  boundary  conditions  can  be  expressed  as 


zes  j  everywhere  on  the  bound  a  r  ■/, 


r~  ~  3  (y  -  L  Ion  EF, 

rty  O  O' 
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and  along  C.B  and  C I". 
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The  finite -difie  rence  method  is  used  to  calculate  the  distribution  ot  the 
stress  tuncii  on  ft  it,  she  domain.  The  stress  components  a  re  then  calc  uiated 

roi'ts  the  aluea  of 
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The  Griffith  theory  can  also  be  applied  to  brittle-  like  fracture  involving 

A 

plastic  deformation.  Orowan  has  shown  that  w««n  plastic  deformation  is 

concentrated  in  a  region  whose  thickness  is  small  compared  to  the  length  of 

a  crack,  the  work  of  plastic  deformation  m  iy  be  treated  as  a  contribution  to 

the  effective  surface  energy  of  *,>e  crack.  Thus,  one  can  s imply  add  a  plastic 

work  factor  P  to  the  surface  tension  T  .  and  uses  V  :  P  +  T  as  the  effective 

a  s 

surface  energy  per  utr  i  area. 

From  the  Griffith  them  /  the  point  of  instability  cars  be  calculated  (tom 
the  following  equation: 

d 

(-W  f  W  )  -  0  (9) 

3  c  e  s 


where  W  will  be  defined  in  the  Gri  ffith-Orowan  sense, 
s 

balance  equation  is  illustrated  schematically  in  F imr re 
Applying  the  G riff ith -Orowan  theory  to  the 

£  j 

parallel  edge  cracks.  W  will  be  defined  as  tlie  - 

s  I 

effective  surface  energy  gained  by  creating  the 


The  above  energy 

l. 


new  surfaces  of  both  cracks,  W  the  strain 

e 

energy  increase  of  the  entire  domain,  and  c 
the  total  length  o i  b o th  c  r a c k s , 

For  plane  state  of  stress,  the  strain 
energy  per  unit  volume  V  can  be  calculated 
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Fm.  ordac  to  evaluate  the  Young's  "nod ulus  E  or  the  effective  surface  energy 
per  unit  area  Y»  the  following  equation  may  be  used: 

T  s  K  (.JY7e),/:J  (12) 

where  Y  is  the  critical  tensile,  stress ,  and  K  is  a  dim en«  ion!  es  s  factor  deter¬ 
mined  by  the  details  of  the  mode!  and  the  applied  load* 

Results 

A  computer  program  was  writ  out  to  carry  out  the  calculations  of  the 

mathematical  model  and  the  eh  sti  :•  strain  energy. 

The  program  ha&  been  used  to  calculate  the  ncrrnal  stresses  and  the  shear 

ing  stresses  in  the  entire  domain  for  various  crack  lengths  and  s pacings.  The 

results  of  several  typical  cases  are  included  here  to  illustrate  the  effects  of 

spacing  and  overlap. 

Figures  3,  4  and  5  show 

the  distributions  of  ff  ! a 

x  o 

around  the  cracks  for  crack 

spacing  ~  w/4,  and  crack 

lengths  ranging  from  7w/16  t 

llw/16  with  w  being  the  width 

of  the  3  pe c  i  m e n. 

Figures  6  through  9  show 

the  distributions  of  o  jo 

x  a 

dc  ros;!  the  net  section  through 
the  crack  tip  for  various 
crack  s pacings,  and  crack 
lengths  ranging  from  w /,.*  to 

!  !  w  /  !  6 . 

Figure  10  shows  the 

'■h  nation  of  <J  / 0  versus 


■  j»n  to 


n  a 


jp  1 1  r c*  5  I 3 1  b  t  j '  i  b u 1 i g n  of 
t?  /  o  A  r  o  a  n  d  C  r  a  c  V  3  io  r 
rack  Length  =  liw/l6  and 
- ack  Spacing  -  w/4  (w  ~ 

.  -cimen  Width), 


Figure  4  Distribution  oi 
0  /a  Around  Cracks  for 
(fracK  Length  *  9w/i6  and 
Crack  Spacing  =  w/4  (w  * 
Specimen  Width). 
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Figure  6  Distribution  of  O'  /o  Across  the  Net  Section 

x  o 

for  Crack  Length  »  w/2  and  Various  Crack  Spacing® 

(w  *  Specimen  Width), 
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Figure  7  Distribution  of  o  /cf  Across  the  Net 
Section  for  Crack  Length  *  9w/l6  and  Various 
Crack  Spacing®  (w  a  Specimen  Width). 


Figure  8  Distribution  of  o  / o  Across  the  Net  Section 

x  o 

for  Crack  Length  *  5w/8  and  Various  Crack  Spacing® 
(w  a  Specimen  Width). 


Figure  9  Distribution  of  <7  ja  Across  the  Nst 

x  o 

Section  for  Crack  Length  a  Hw/I6  and  Various 
Crack  Spacing®  (w  *  Specimen  Width), 
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Figure  10  Variation  of  <7  fa  Versus  Spacing  Between 

‘K  O  R  ° 

Cracks  at  Various  Point®  Along  the  Net  Section  fat 
Crack  Length  «  1  ! w/  1 6  (w  *  Specimen  Width) 

(Refer  to  Figure  9), 


Figure®  II  through  14  show  the  comparisons  between  the  theoretical  ami 
the  experimental  results  for  the  dependence  of  tent  lie  strength  on  crack-sisse 
in  polymethyl  methacrylate  (PMMA)  and  polystyrene  (PS)  samples.  The 
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Figure  II  The  Dependence  of  Tensile  Strength  on  Crack- 
Size  in  PMMA  Samples.  (Theoretical  results  are  shown 
as  the  curve  in  boldface.  Experimental  data  were  obtained 
from  various  sample  cross  sections  and  extension  rates  as 
reported  by  J.  P.  Berry,  ) 

5 

experimental  data  are  as  reported  by  Berry  ,  In  the  theoretical  work,  the 
Young's  modulus  and  the  effective  surface  energy  per  unit  area  for  PMMA  ar 
assumed  to  be  4  x  1  0*  psi  and  1,5  in-lbs /in*  respectively,  and  that  the  same 
for  PS  are  assumed  to  be  l.  8  x  1  0*  psi  and  1 4  in-lbs  /  in2  respectively. 
Discuss! on 

The  results  of  our  calc  illations  have  shown  that  the  stress  fields  around 


the  cracks  remain  prat  tic  ally  unchanged  when  the  crack  spacing  inc  r  eases  fr< 
,v/.£,  provided  that  the  cracks  are  iar  enough  from  the  loading  edges  to  avoid 
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Figure  12  The  Dependence  of  Tensile  Strength  on  Crack  Size  in  PS  Samples 
(Theoretical  results  are  shown  as  the  curve  in  boldface.  Experimental  data 
were  obtained  from  various  sample  cross  sections  and  extention  rates  as 


reported  by  J.  p„  Berry,  ) 


Figure  13  The  Dependence  of 
Tensile  Strength  of  PMMA 
Samples  on  Crack  Size. 
(Theoretical  results  are  shown 
as  the  curve  in  boldface. 
Experimental  data  are  as 
reported  by  J.  P.  Berry,  ) 
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Figure  14  The  Dependence  of  Tensile  Strength  on  Crack- 
Sice  in  PS  and  PMMA  Samples.  (Theoretical  results  are 
shown  as  the  curves  in  boldface.  Experimental  curves 
are  as  reported  by  J.  P,  Berry.) 


various  points  along  the  net  section  approach  certain  asymptotic  values  when 

rack  spacing  becomes  equal  to  or  greater  than  w 1 1,  Interaction  between  the 

cracks  occurs  when  the  spacing  becomes  smaller  than  this  value.  As  shown 

in  Figures  6  through  9,  the  distribution  of  O  / o  across  the  net  section  through 

x  o 

the  era-'  k  tip  varies  as  the  spacing  decreases.  This  variation  must  be  accom¬ 
panied  by  the  change  m  air  •»«»  concentration  at  the  c  rack  tip  because  of 
•-cp.'.i!  ■■  b  r  iu  rn  c  nnsido  cations.  However,  the  elastic  strain  energy  of  the  system 
ioe .?  not  change  appreciably  with  the  crack  spacing. 

1  s  h  on  git  a  n  I  ■.  ■■ j  t.  I  v  ■  ■  ti(,w  ..  '  \ i  o  e  1  vv  e  e  .  i  our  Momr  fiiin  1  ~enulls  loi  (.in* 

i  t  rength  -  c  rac  k  » i  <•  relationship  for  the  edge  v  racks  and  the  corresponding 
•x.pe  *•  omental  da;  \  is  not  possible  bet  sime  of  the  k  of  sut  h  data,  thev  seem 
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crack  size  curve  for  the  edge  crack®  is  generally  lower  than  the  fame  for 
the  single  in,'.e  Cor  crack,  which  have  been  quite  often  treated  alike, 

6 

Perhaps,  .  should  also  be  pointed  out  that  the  Griffith -Irwin  theory  for 
the  single  interior  crack  neglects  the  effect  of  transverse  stresses  oz?  the 
strain  energy  release  rate,  while  our  calculation  includes  the  effect  of  longitu¬ 
dinal,  transverse,  as  well  as  shearing  stresses*  The  lowering  of  the  strength  - 
crack  size  curve  for  the  edge  cracks  may  be  partly  due  to  different  crack 
morphology  and  to  the  increase  in  strain  energy  thus  calculated.  This  seems 
to  indicate  that  the  edge  cracks  arc  more  detrimental  than  the  compatible 
interior  crack  in  a  tensile  specimen, 

For  a  tensile  specimen  aa  described  in  this  paper,  the  increase  in  overlap 
between  cracks  ia  accompanied  by  the  reduction  in  net  section  through  the  crack 
tip  and  the  increase  in  the  moment  at  the  net  section.  Consequently,  the  inter¬ 
action  between  the  cracks  is  at  least  partially  compensated  by  the  change  in  the 
stress  field  due  to  such  reasons.  I*  must  then  be  pointed  out  that  the  situation 
here  is  somewhat  different  from  that  for  the  int  rior  crack  in  an  infinite  matrix. 

Our  calculations  also  indicate  that  the  elast  c  model,  without  directly 
considering  the  plastic  enclave  in  the  stress  field  calculation  but  including  its 
effect  io  the  effective  surface  energy  as  proposed  by  O rowan,  seems  to  be  able 
to  predict  fairly  well  the  -Jtrength-c rack  size  behavior  tinder  the  previously 
d  e  a  c  r  s  b  e  d  1  i  m  i  t  a  t  i  o  n  s 
A  c  k  n « >  w  ledg  m  e  n  t  >» 

Thanks  are  due  Dr.  Lawrence  E.  Nielsen.  Senior  Svienlas t,  Monsanto 
Company,  for  his  valuable  contribution*  and  interest,  fhe  author  also  wishes 
to  thank  Dr ,  M.  l.„  A'illiams  for  his  suggest  ions  eonce  rmug  th«  ext  ens  ion  of 
our  work  on  the  stress  fields  around  parallel  edge  cracks  to  fracture  mechanics 
applications.  Die  ass  i stance  of  M^s  Ha  rbara  Krueger  is  greatly  apprec  i  at  ed. 
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Number  of  divisions  in  the  finite-diffo reace  network  in  the 
half-length  of  the  specimen. 

Number  of  divisions  in  the  finite-difference  network  in  the 
width  of  the  specimen. 

Number  of  divisions  in  tine  finite -difference  network  in  the 
net  section. 

Stress  function. 

Normal  components  of  stress  parallel  to  x-  and  y-axea* 
Shearing  stress  in  xy- plane  parallel  to  x-  or  y-axis. 

Uniformly  distributed  tension  at  the  ends  of  the  specimen. 

dl  cV 

Laplacian  operator  ~ — "  y  — -—y  ■ 

Increase  in  strain  energy. 

Effective  surface  energy  as  defined  by  Orowan. 

Plastic  work  per  unit  area. 

Surface  tension  per  unit  area. 

Effective  surface  energy  per  .nit  art  a. 

Total  length  of  cracks. 

Strain  energy  per  unit  volume. 

Young’s  modulus 
Shear  modulus. 

Peis s on '  h  ratio. 

Te  ns  i.l  e  strength. 

<  Inefficient  for  tens  t  Je  strength. 
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STRESS  FIELD  AROUND  INTERIOR  CRACK  (P.  E.  Chen) 

'  i  )  ‘  ’  ~ 

(J  s  i.  n  g  Michell'a  ‘  continuity  equations  for  the  single -valuedness  of 

Z 

rotations  and  displacements ,  and  extending  P>.  ager's  method  for  calculating 
the  plane  elastic  strains  in  doubly-connected  domains,  a  mathematical  approach 
is  proposed  for  solving  the  problem  of  stress  fields  around  interior  cracke. 

Based  on  the  general  approach,  a  computer  program  has  been  written  to 
calcul  .te  the  stress  field  around  single  interior  crack  in  a  tensile  specimen. 
Photoeiajtic  experiments  have  been  conducted  on  CR-39  ally!  diglycol  carbonate 
specimens  under  uniaxial  tension.  The  theoretical  and  experimental  results  are 
compared. 


lit  is  assumed  that  (!)  the  materials  is  isotropic,  Homogeneous  and  obeys 
Hooke's  law,  (Z)  the  strains  are  infinitesimal.-  (3)  tha  body  forces  are  negligible. 
(4)  the  specimen  is  in  a  plane  state  of  stress  or  strain,  and  (5)  the  cracks 
penetrate  through  the  thickness  of  the  specimen. 

Theory 

The  domain  under  consideration  ie  shown  in  Figure  1.  instead  of  having  a 

"> 

8*tnpl  .-connect;.,!  region  as  in  the  case  of  edgs  cracks  ,  we  now  have  a  multiply- 


nn c  tv  i  re  g ! on 


If  we  ,  e  t  n  den  te  the  direction  of  the  out  - 
ward  r>Dimai  si  the.  ooimdary  of  the  regi  on,  e 


4  0 


Figure  Z  The  Sur.  see  Forces 
or  the  Boundary. 
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8 i ttg.le - val  uedcets  of  rotations  and  displacements ,  the  following  continuity 
equation®  must  be  satisfied  for  each  interna)  boundary: 


where 


6  ' r '  c .  ti  ^  0 

3  i  ;V'. 


«*  d  ,,  ^  P  T  m  >  » 

l  /  jr~  (v  f)  -  x  r*'*)  J  a®  :s 


(6.  C  y  T”  (V8*)  4-  *  <v23)  ]  ds 

V  j  OJ  1  '  (3 15  *  ' 


IV) 


is  the  lin  >  integral  over  the  i  th  internal  boundary,, 

V*  i»  th*  L&placian  open*. tor, 

and  i  varies  from  1  through  N.  assuming  that  there  are  N  internal 

boundaries. 

Equation  (6)  represents  the  rotation  condition,  and  equations  (?)  and  (8)  the 
displacement  conditions.  These  equations  can  be  derived  by  the  variational 
method,  utilizing  the  principle  of  minimum  energy  and  Green's  theorem  for 
the  plai  e. 

Let  f  Q,  #,,,  9n,  fn,  ....  ,  #  ,  $  be  the  biharmonic  functions 

def  ined  by  the  following  boundary  condition*: 

(1)  ♦  and  8#  /tin  have  the  prescribed  boundary  value*  on  the  loaded 

boundary  curve  C  and  vanish  on  the  other  boundary  curves  Cj,  Cj, 
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where  the  n. are  uk  normal  derivatives  of  the  #.  ,'s  to 

y  u 

equation  {3} 

Substituting 
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calculate  -;i  .from 


(9) 


into  eque‘iana  16),  (7)  and  (8),  we  obtain  a  set  of  3N  simultaneous  linear 
equations  from  which  the  coefficients  Ct  ‘a,  P.  •»  and  Y.  ’a  cart  be  determined. 
Symmetry  and  other  conditions  can  be  utilized  to  simplify  the  solution. 

Ait  Example 

Applying  the  Love  theor>  computer  program  has  been  written  to 
.calculate  the  stress  field  around  an  interior  craclc  in  a  tensile  specimen  for 
various  crack  lengths.  As  shown  in  Figure  i  the  crack  is  assumed  to  be 
perpendicular  to  the  applied  stress  O  , 

l  *  - 

and  the  reference  frame  is  chosen  such  j  j 

- . .  i» . . 

that  both  the  crack  and  the  domain  are 
symmetrical  with  respect  to  the 
coordinate  axes.  Due  to  twofold 
symmetry,  the  coefficients  tx.  and  Pj 

b e c  om  e  ze  r o ,  a n d  r h e  d  i a  p t  a  c  e m e r. t 
conditions  (?)  and  (8)  are  automatically  satisf  ied.  Hence  the  at  reas  function 
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Figure  5  Single  Interior 
in  a  !••*  Specimen. 
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#,  is  the  bi  harmonic  function  defined  by  the  following  boundary  conditions; 
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The  results  of  a  typical  case  are  included  here  for  illustrative  purposes. 
In  this  case,  the  width  of  the  specimen  is  divided  into  32  equal  divisions  with 
the  length  of  each  division  equal  to  1,  The  length  of  the  specimen  is  equal  to 
32  X,  and  the  length  of  the  crack  8  X..  Stress  <  antours,  representing  various 


0  /or  ratios  are  given  in  Figure  4, 
x  o 


\ 


\  \ 


Expe  raiment 

The  slvess  fields  around  interior 
cracks  have  also  been  studied  experi¬ 
mentally  using  the  photo  dasticity 
techniques.  Bi.xck  and  white  pictures 
of  the  is ochramatic;  fringe  patterns  for 
the  difference  between  the  principal 
stresses  are  taken  from  a  mono* 
chromatic  light  source,  Kodak 
Fanatomic-X  35  ram  films  are  used  on 
Leica  camera  with  f-8  lens  opening 
and  I  O-second  time  exposure.  The 
tensile  specimens  are  cut  from  I  /  I  " 
thick  CR-39  plates  made  by  the 
H om alite  C o r p o r acton  in  W  i  1  rn t n g t o r> . 

Dataware.  Each  specimen  is  8,  9“ 
long  and  l.  5  "  wide.  The  na  r  row 
portion  of  the  specimen  is  6,  ^  1  long 

and  has  a  nominal  width  of  i  5 "  which  inc  rease?  to  2 .  r 
radius  ftHets.  The  Tacks  are  iiii ;  fiourf'd  by  0 2  0:l  w 

cm  h a s ed  •  m  the  tens  ion  method.  Che  phot orlastio  constant  of  the  spec  urten  tr.ateri; 
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hinge  support  equal  to  one-third  of  the  span  length.  Ir.t  order  to  achieve  more 
uniform  load  distribution,  the  tensile  specimen  is  suspended  at  the  top  from 
the  loading  frame  and  attached  at  the  bottom  to  the  cantilever  beam  through 
two  pairs  of  steel  clamping  plates.  Two  3/8"  shoulder  holts  with  washers  and 
nuts  are  used  at  each  end  to  connect  the  specimen  to  the  clamping  plates. 

An  Example 

Th's  corresponds  to  the  example  mentioned  previously  for  the  theoretical 
approach.  The  width  of  the  specimen  is  1.  490",  and  the  length  of  the  crack  is 
0.  373".  A  picture  of  the  isochromatic  fringe  pattern,  as  shown  in  Figure  5, 

was  taken  under  applied  stress  d  equal  to  90  lbs. 
per  in.  ,  thus  the  first  f  ringe  represents  o,J  ~c.{  i  a 

Comparison 

The  theoretical  and  experimental  results  for 
(Ctj-G^J/C  distribution  3 ion.'’,  the  net  section  adjacent 
to  the  crack  tip  of  the  typical  case  are  shown  in 
Figure  6  where  point  A  is  at  the  crack  tip.  The 
agreement  is  good. 

Figure  8  c>,  -a,  Distri  bution 

of  ‘h « ■  Tv  pii  a.  i  >  -  a a  e. 

Ac  know  lodgment  s 

Thanks  are  tine  Dr,  I  ,.iw  renn1  F. 

Nielsen,  :■)( moi  lent  ist.  Monsanto 

(  ' i  >n  >  i ),  ■>  is  v  .  far  hi  a  v  a  i  nab  1  e  roui  riiiutiuiis 

lilid  list!’  r<  'il,  Fiie  .I  s  ;>  i  w  t.-iin  <  fit  Miss 


Figu  re  t.  (V,  ■  '(1  lh 

A  hang  {he  Net  >  ■  1 1  on  A- 


46 


Nam  e  me  la  t  u  r  c* 

Rec (angular  c  oordinate  s . 

x-  and  y -components  of  the  resultant  surface  force  per  unit  area,. 
Stress  function. 

Normal  components  of  stress  parallel  to  x  •  and  y- axis. 

Shearing  stress  m  xy- plane  parallel  to  x-  or  y-axis. 

Direction  of  the  outward  normal  at  the  boundary  of  the  region. 
Direction  of  the  tangent  at  the  boundary  of  the  region. 

Angle  between  the  x-axis  and  the  outward  normal. 

&  dz 
d"j?  *"  dy2 

Uniformly  distributed  tension  at  the  ends  of  the  specimen. 

Principal  stresses. 
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YOUNG'S  MODULUS  OF  .RANDOMLY  ORIENTED  FIBER-FILLED  COMPOSITES 
\Z;  E,  Nielsen  and  P.  E.  Chen) 

The  theory  of  the  longitudinal  and  transverse  Young's  modulus  of  oriented 

1 ,  z  „  3 

or  aligned  fiber -filled  composites  is  fairly  well  worked  out  ’  Likewise,  the 
mathematical  theory  of  the  elastic  modulus  of  an  oriented  fiber-filled  composite 
as  a  function  of  the  angle  between  the  fibers  and  the  direction  of  the  applied 
tensile  load  lias  been  derived^’ b.  Apparently,  however,  no  one  has  gone 
one  step  farther  and  calculated  the  Young's  modulus  from  basic  elastic  constants 
of  the  constituents  for  the  case  where  the  fibers  are  oriented  at  random  in  a 
plane,  1  te  equations  derived  by  Korio  and  Onogi  fur  fibrous  material#  such 
as  paper  are  not  exact  and  are  only  good  approximations  when  the  anisotropy 
is  small  compared  to  the  results  often  found  in  fiber- filled  composites.  For 
many  applications,  the  random  orientation  of  the  fibers  may  be  desirable 
since  in  the  p  a'  ->f  the  sheet  the  elastic  modulus  is  the  same  in  all  directions , 

A  computer  i  r'lgram  to  »king  use  of  the  classical  theory  of  elasticity  was  us cd  *.<> 
calculate  the  ••..-xpeeted  dependence  of  Young's  modulus  on  the  amount  of  long 
fiber*!  in  the  composite  and  the  ratio  of  the  moduli  of  the  fiber  phase  to  that  of 
the  matrix  phase,,  'rhe  fibers  need  not  be  infinitely  long  but  only  long  enough  to 
it-al  length  where  modulus  becomes  nearly  independent  o'  ng th „ 


be  above  the  c 


i  o  i 


:  a  i  **.  I  a  »  i  i  c  i  t  y  th  e  i:  >  r  y  *  fci  i.  a  n  &  1 * 1  a  r  d <?  pe  nd*  nc  e  o  f  V  o» '  n  ‘  s  s  ti  od  i 1 1  •. 

>  <|v  s 

:  s  3 1  i  a  d  i  n  an  e  d  i  r  e  c  t  i  o  r  *  i  -j  *  *  ‘  : 


t  r-  ;H  <  s  j  V  t:*I 
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I! 


is  Young's  modulus  of  a  .fiber-filled  composite  in  the  direction  parallel 


to  the  aligned  fibers,  i,  e.  ,  9  «  o*  . 

E,  is  Young's  modulus  of  a  fiber-filled  composite  measured  in  the  direction 

J,w 

perpendicular  to  the  fibers,  i,  e.  ,  0  a  90*. 

ft  is  the  shear  modulus  of  the  composite  with  respect  to  the  direction  parallel 
and  perpendicular  to  the  fibers, 

Vjj,  is  the  major  Poisson's  ratio  of  the  composite. 

The  quantities  ,  C l,  and  v,2  can  be  experimentally  determined 

value®,  or  they  can  be  estimated  from  such  as  the  following  theoretical 

i ,  3 

equations  assuming  perfect  adhesion  between  the  fibers  and  the  matrix  ; 


G 


u 


E,  #,  +  E*  i z 
2[  1-v,  +  (v,-vf)  t  j 

L  2  M  2  !)  !  J  j  (2M,  4  G, )  +  2< Ms  -  M>)  #, 

G,  " 

1  l  G,  +  (c.-GjTTr 

MZ(2M,  t  Ct)  G,(M,  M j )  *, 


(-2) 

0) 

(4) 

(5) 


he  re 


Mr 


■Ml  Vi) 


a  nd 


?i  •< . 


T( ! -v.) 


♦ ,  and  are  the  volume  fractions  of  mat  nx  and  i  •!»  reap-i  t i •  e i >  I'he  M'e 

a r area!  moduli,  the  G's  are  she.tr  mod  1  > ,  md  the  s  Foi  asun'f  ,  itios; 
the  subscripts  ,  and  ,  a!  a  .  >  refer  to  the  niatr  i  *  ph  r*  •  •  and  the  fiber  .  respect  i  vely, 
fhe  value  of  the  modulus  Em-  the  case  .it  randoi  lly  oriented  fihe  nl  t  ,oi  be 
Sound  !v  averaging  the  value  oi  the  model  ».i»  given  \u  equation  (11  over  all 
vai  ue»  of  the  any,!*;  6,  Thus . 
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CEq-  is  the  Young'?  modulus  for  the  case  of  random  orientation  of  fibers  in  a 
plane. 

Equation  (6)  was  solved  by  computer  for  a  number  of  values  of  fiber  con¬ 
centration  #.  and  modulus  ratio  E»/E,.  The  values  of”  E,,  were  calculated  from 

li 

equation  (2).  The  values  of  E,  and  G  were  calculated  by  equations  (3)  and  (4). 
Typical  values  for  polymers  were  used,  i,  e,  ,  G  s  1  x  1  0  dynes /cm  ,  E,  * 


2.70  x  1  0to  dynes /cm2,  and  v12  *  0.35. 


°«  .*  c'l  "Vi  ?  ft  o*i  *•"  of  r1* 


voiutat  f»«cT i»a  (>*  »■  > «* * 

Figure  1  Ratio  of  the  Randomly 
Oriented  Fiber  Composite  Young's 
Mo  _-’ius  of  the  Parallel  Oriented 
Modulus,  i,  <?.  ,  Eg/f  Ej,  ,  as  a 
Function  of  the  \  jlume  Fraction 
of  Fibers  in  the  Composite  lor 
Different  Values  of  E% /  E, . 


Figures  K  2  and  3  give  some  of  tlie 


Figure  2  Modulus  Ratio  {Eg) /EE 
as  a  Function  of  the  Fiber-Matrix 
Young’s  Modulus  Rati  o  Ej/  Es  for 
Different.  Values  of  the  Volume 
Fraction  of  Fibers. 


results  in  terms  of  {  E^  )  /  E  and  F,  where  F  is  a  fiber  efficiency  factor  relative 


vo«:  rflictina  t:?  t-  < » t  $  . 


Fig  use  i  Fiber  Elf  tc  i  ev>t.  V  Fiii  t  ■:>  f 


so¬ 


to  oriented  fibers  as  defined  by  the  following  equation: 

%>  -  *;•*  -  FEt*t.  i'n 

The  figures  show  that  the  fiber  efficiency  factor  F  is  a  slowly  varying  function 
of  as  well  as  a  function  of  Ej/E,,  For  most  compos ite»  of  practic,";  » merest, 

F  varies  from  about  0.  15  to  0.  60  and  (Ep)/ varies  from  about  0.  15  i...  0.  70. 
Especially  for  very  stiff  fibers,  i.  e.  ,  values  of  E,/E{  greater  than  5,  the  random 
case  gives  a  much  smaller  modulus  than  JE^  for  the  oriented  fiber  case.  This 
is  illustrated  in  Figure  4.  One  has  traded  great  stiffness  in  one  direction  .for 
much  less  stiffness  in  all  directions  in  going  from  oriented  fibers  to  a  random 
distribution  of  fibers. 

Figure  4  The  parai  lei  oriented  and  randomly 
oriented  fiber  composite  moduli  relative  to 
the  matrix  modulus  as  a  function  of  volume 
fraction  of  fibers.  Two  values  of  fiber- 
matrix  modulus  ratio  Eif  .-.re  considered  -« 
l  0  and  !  CO.  The  lowest  curve  gives  the 
Young :s  niouuius  of  an  oriented  fiber  composite 
measured  in  the  direction  pe  rpendi  cular  to 
the  direction  of  the  fiber  length  for  the  case 
where  Ej/  Es  a  rz'  , 


»Otb*»V  <*  »  4  C  •  >>■>:-  r>f  P’bi  i'.fc 

7 

Horio  and  Onogi  used  equation  {ft?  rather  that,  .-'qua?? or,  ( 1 »  for  ':he  angu* j i 
depend*.-; nee  «.*f  young's  modulus: 

....  _  ^  "h  ^  r  J 

This  equation  gives  result*  wh  i  c  h  are  ./i'c-d  -.i5"  :*'*  j  Hjair-sc*  t.  e.  , 


and  90*  to  the  fibers.  Also,  it  is  usiuned  that  E^  and  E  are  expe rimeafcaliy 
determined  values  rather  than  calculated  from  the  constituent  properties . 


Equation  (8)  predicts  that: 


( F  i 


E. 


(9) 


rather  than  the  much  more  complicated  results  derived  from  equation  (1),  As 
a  first  approximation,  equation  (9)  gives  a  good  estimate  of  (Eq//E  j  *he 

I  H 

error  is  roughly  .*>  percent  for  E2 /  E»  s  4,  1  2  percent  for  E2/  Ej  a  1  0»  and  25 
percent  for  E2/E,  =  100. 


For  a  quasi -isotropic  laminate  which  consists  of  three  or  more  layers  of 
unidirectional  fiber-filled  systems  oriented  at  equal  angles  between  the  principal 
directions  of  adjacent  layers  the  sF;./  value  as  calculated  by  the  method  pre¬ 
sented  in  this  paper  is  in  good  agreement  with  the  result  obtained  from  the 

8 

equations  given  by  Fischer  at*  validated  by  the  experimental  data  of  the  Forest 

9 
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1NVARL  NTT  PROPERTIES  OF  COMPOSITE  MATERIALS*  (S.  W.  Tsai  and 
N,  J,.  Pag  a  no  -  AFML)  '  ~ 

The  superior  performance  of  composite  materials  over  light-weight  metals 
has  been  wall  publicized  in  recent  years.  Composites  have  been  claimed  to 
possess  improvements  in  stiffness  and  in  strength  of  several  fold  over  erdinary 
materials.  The  claim,  however,  is  baaed  on  either  the  properties  of  the  fibers 
alone  or  the  longitudinal  properties  of  a  unidirectional  composite  against,  those 
of  the  metals.  Since  composites  are  normally  used  in  laminated  forms  which 
consist  of  layers  of  a  unidirectional  composite,  a  more  realistic  me  sure  of  the 
performance  of  the  composites  than  that  based  on  the  fiber  or  longitudinal  pro  ¬ 
perties  is  needed. 

In  this  work,  the  transformation  properties  of  unidirectional  and  laminated 
composites  are  .derived  using  multiple  angles,  instead  of  the  classical  relations 
using  powers  of  sines  and  cosines.  The  effect  of  iaroini  orientation  is  then 
examined.  It  is  shown  that  the  invariant  properties  of  both  the  unidirectional 
and  laminated  composites  have  the  same  components,  and  can  be  used  as  an 
effective  measure  of  the  performance  of  the  composites.  Simple  formulas  for 
these  invariant  properties  are  derived,  from  u  tub  the  performance  of  compos  ites, 
irrespective  of  the  lamina  orientation,  can  be  determined  from  the  prope  rties  of 
the  cons  Undents.  This  work  should  he  of  value  to  system  analysts  who  must 
evaluate  the  performance  of  composites ,  to  structural  designers  who  must 
es  tahlish  a  rational  des  ign  procedu  re,  and  to  material.*'  eisuiee  t  »  who 
guidance  in  the  selection  and  fabrication  of  composite  mate  rials. 


may  nee  a 


s  t 


fhe  elastic  moduli  of  laminated  composites  have  been  reported  by  many 

investigators  in  recent  years,  examples  of  which  include  Reiss  ner  and  Stavsky 
Z  .3,4 

Done,  <*{  al.  t  and  Tsai  ,  The  usual  assumptions  in  all  these  studies  are: 

(a)  All  layers  a.  e  in  a  state  of  plane  stress,  relative  to  the  x-y  or  1  -2 
plane,  that 


O' 


3 


0) 


(b)  All  layers  are  bonded  together  and  the  strain  components  in  the  1  -2 
plane  are  linear  functions  of 


e.  ~  +  zk. 

t  !  I 


(2) 


where  :  -  1 ,  Z  refers  to  the  normal  components,  and  i  s  6,  the 
engineering  shear  strain  component, 

(c )  All  layers  obey  the  generalized  Hooke's  law, 


C..  t. 

']  / 


(?) 


With  these  assumptions,  the  constitutive  equation  for  a  laminated  composite  can 
be  derived.  The  stress  -strain  relation  for  the  assumed  piano  stress  condition 
including  the  thermal  effect  for  each  layer  in 


Q. ,  t.  “  Q„ .  a ,  * 

•1  i  n  i 


r; he  re 


Q..  C... 


c.«  c., 

. *l_j3 


-educed  stiffness  matrix. 


33 


(4) 

(5) 


•  tress  >v  <  *  s 


a  x  anisotropic  thermal  expansion  tn.it  i  ix 

i 

T  -  temperature  increase  from  a  re  to  r  once  fst  res*  -free) 
!>-  mps  ra  t  u  <•  e. 

ultants  ('N  }  and  stress  couples  (M.)  can  he  defined  as: 


tv.,  M.l 


•  .  i  S  Os 


Substituting  Equations  (2)  and  (4)  into  (6)  retide rs 


N,  =  N.  +  N.S  -  A..  «?  *-  B„  k. 

s  a  i  Ml  Ml 

(7) 

M,  =  M.  +  M/  ~  B..  *f  ♦  D,.  k. 

*  *  »  *1  i  hi 

wht*  re 

h  ^2 

[M.  M.^3  =  f  Q..  a.  1  H,  z3  c!  r  (8) 

1  1  J~h/2  51  1 

r h/2 

[A..,  8,.,  D.J  “  |  Q..  [l,i,  t  3  dz  (9) 

M  M  n  J-h/2  r| 


The  brackets  above  and  for  the  remaining  part  of  this  paper  are  symbolic  rather 
than  operational;  the  equality  applies  to  the  corresponding  terms  in  the  bracket. 
The  limits  of  integration  are  from  ~h/2  to  h/2,  and  will  remain  the  same  in  this 
paper  unless  otherwise  specified. 

The  constitutive  equations  of  laminated  composites  are  given  by  Equations 
(?),  and  the  material  coefficients  are  expressed  by  the  A,  B,  and  D  matrices. 
Our  present  work  is  concerned  with  the  nature  of  the  Q,  A,  B,  and  D  matrices. 
Transformation  of  Q 

We  would  like  to  establish  the  transformation  property  of  the  reduced 
stiffness  matrix  Q.  ..  Thio  can  be  done  by  use  of  Equation  (h)  and  the  transforma 

lJ  5  4 

tion  equations  for  C.  .  tabulated  hy  Hearmun  ,  and  I  sas  .  A  typical  example  is 


as  follows; 


... 


*  ‘  ^"  33 

Qn  =  Si  "  cX 

33 


4  r-  .  „  2  2  4  t  2  2... 

m  C, ,  ♦  n  C,  _  +  n  C„„  +•  4iti  n  C. 


+  *”3nCi4  '  W>C26  '  e~  ^<C<3  *  ^C23  * 


c  r 

13v'23 


4  !3  7  2  r? 

m  (C  -  r— )  +  2m  (C  - 

33  '*  c33 


2  ^2 

.  4  C23  >  .  .  2  2  C36  . 

+  n  (C22  '  rS~]  +  *"  n  (C66  “  C”* 

do  od 


.  .  3  ,r  C,.3C63,  .  ,  3  .r  C23C63 

■»  4m  n(C..  -  -r —  J  *  4mn  {C  -  -7^“ 

16  S3  26  C33 


4  2  2  4  2  2 


m  +■  2rn  n  +  n  4m  o 


3  3 

+  4m~n  Q.  .  +  4rorT  Q^, 

*  t  it 


The  trans  formation  of  the  other  components  of  Q.  can  also  b<"  shown.  The  trans  • 


formation  is  a  rotation  through  an  angle  9  about  the  t  axis,  for  which  C  *  C. ! 

■>  ?  >  ,5 


invariant,  ami  rn  »  cos  ©  and  r,  =  win  8.  It  »»  assumed  that  a  plane  of  symmetry 
'•xi  sts  in  the  1  ~Z  plane.  Baaed  on  the  result  of  Equation  ( 1  0}  and  similar  results 


for  the  other  components  of  Q.  .»  we  conclude  that  Q.  transforms  the  same  as 

u  I  ( 


1'  Having  established  the  tranwforj  at  ton  property,  we  :  an  apply  the  usual 


t r  1  a t e  rial  s  •,•  rn rr» elrses  It k e  o r f hot  r op y ,  i »  of  r o n \ 


.t  n » !  1  r? v  <1  r  s  a  n  ?  ?$  of  (j $  r- 


i.  ran » to  rrna  i  i  on.. 


P  r  f  s f."  k  i  ? 


f  >' 'i  v  r  e  v  o n  v  <•'  n  s  ^ n  t  i < «  ex  i>  r  e  n  n  i h  e  t  r  a  n *$  i o  i  rn  a  i  $  o n 


e  f|ua  1 1  oris  in  tenr  . . «  vn  ul  1 1{>{  «*  than  On*  <;  o  n  v  *« « I  i  o  51  a  A  ra  of  ^ 


4 

m  ~ 

(3  *  4  co?  29  +■  cos  49)/B 

3 

m  n  ~ 

(2  xfo  29  +  49)  ,/8 

2  2 
m  n 

{!  ~  cos  44))  /8 

(5  1) 

3 

mn 

{2  sin  -  sin  40)  /8 

4 

n  " 

(3  ~  4  cos  9  cos  49)  /8 

By  direct  w 

ubstitution 

of  Equation  (i)  into  the  conventional 

transformation 

equations  , 

a  new  form 

of  transformation  equations 

for  Q  . 
tj 

(and  0  )  can  be 

U 

derived  with  the  results  shown  in  Table  L 

Table  1 

Transformation  Equation*  of  Q„. 

•1 

Constant 

cos  26  sin  29 

cos  4© 

sin  4© 

q,; 

u» 

U2  2U6 

U3 

U7 

Qn 

u, 

! 

~U  --2U . 

2  o 

U3 

U7 

Qo 

U4 

0  0 

"U3 

-U.( 

/ 

°66 

U5 

0  0 

“U3 

u 

7 

i 

20  U 

0 

21  i  -U 

"  6  2 

2U? 

•2U, 

-  S  7  - 


whe  re 


U, 

i;3 

U. 


~  yKi 

n 

+  3Q 

22 

+  2QI2 

*  4QJ 

=  (Q, .  - 

Q  )  /; 

2 

1  ! 

IT’ 

'  <Qn  * 

Q22  - 

2QV2  ' 

4q66)/B 

(oH  * 

Q22  + 

- 

4Q46)/S 

'  <QI!  + 

°22  “ 

2Q1  2  ♦ 

4Q66)/8 

*  <°.6  + 

<V/2 

=  iou  - 

o  v)  /? 

a*) 


From  Table  j  ,*n<i  equation  (!.:},  the  following  two  invariants  can  be  establia  ied 
by  observation: 

S  '  °li  *  °22  ’  M-; 


H 

s  L. 


2(0,  ♦  UJ 


-  Q„  ♦  Q„  ♦»,, 

l2  ■  Q«  -  °12 


U5  -  U4 


-  O,, 

06  1 2 


(13) 


By  c  vi.mbmi  ng  F.  |v.aii  nn«  ( 1  Z )  and  { 1  3),  w«  can  isho^  that  among  the  U*«; 


W  f  * 
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thtiiUui&bt'Nr 


»Vi  fc jtuUtt&rit&ni  fc 


We  have  shown  in  this  section  the  transformation  equations  of  Q  in  terms  of 
multiple  angles,  and  t.ht  meaning  of  the  coefficients  U  . 

Transformation  of  A,  B,  D  Matrices 

If  a  laminated  composite  consists  of  constituent  Sayers  of  the  same  ortho- 

0)  with  arbitrary  lamina  orientations ,  and  (thicknesses, 

the  elastic  moduli  .A.  the  laminated  composite  A... 

U 

can  be  expressed,  for  example: 


tropic  material  (F  .  -  U 

6  / 


i,.  and  D, ,  from 
it  ii 


tAir  ei i'  Djr 


/ 


Qn  [1,  X,  x  ]  dz 


(19^ 


Since  ^  is  a  function  z,  i„  e.  ,  it  varies  from  layer  to  layer  because  of  the  vary- 
ing  lamina  orientations.  From  Table  I  [where  Q,  ,  in  Equation  (19)  is  actually 

Q  ’  3: 

1 1 


cos  2©  +  Ug  cos  49 


(10) 


The  transformation  of  Q,  ,  consists  of  one  constant  plus  two  cyclic  terms,  if  the 

II 

same  material  is  used  in  a  laminated  composite,  say,  boron  -epoxy  composite, 
Uj>  U.}  arid  U  remain  constant  for  all  the  layers.  Equation  (19)  can  be  expanded, 
in  terms  of  multiple  angles,  as  fol lows? 


CAn,  8 


1 1 


/  ?  t  \ 
1  4 


»  -  J  (Uj  D,  z,  z2]  -h  co*  2©  [1,  z,  z>] 

+  LL  cos  49  El,  zr  z*l  )  dz 

U,  Eh,  0,  h^/12]  +  U,j  J  cos  29  H,  x,  z*2]  dx 

*  U  ,  /  cos  49  [1,  z,  Z  21  dx. 


The  same  derivation  can  be  applied  to  the  other  components  of  A. B.  .  and  l)  , , 
and  the  final  relation**  are  surarna  rised  in  Table  I  I, 


*  60  - 


lable  Is  A..  0f  D  Matrices  m  terms  of  Lam 


ana  Properties 


V 


\,r 


Sr  8ir  °ir 


0  tAf  B„  DJ  ’  1  [A,  8, 0]  2  [A,  B,  D.1  V3  [A,  B,  Dj  V4  [A 


U, 


il 


Sr  822-  V 


u. 


-u. 


CA12'  Bir  °12)  ” 


[A  3  ,  D  ] 

66*  66'  66 


U. 


HV  V  V 


2[V  V  V 


0 

0 


0 

0 

0 

0 

■IL 


0, 


u. 


•u. 


0 

0 


-u. 


-u. 


0 

0 


■2U. 


2U 


Where  the  U.  »r.  the  .,nr>,  a.,  ,h™„  Equation  (13).  and  the  V 
defined  as  follow  :  ii-A,3, 


D] 


are 


3 

V0tA,B,D]  =  ^O/h/12] 


v 


''  5  -rA,B,  D! 
'  2  [A  M,D] 
3 IA,  B,  DJ 
4fA,B,D] 


/cos  20  [1,  z,  z"!  dz 

2. 


*fn  2«  n,  7  }  dz 
/  cct»  n,  zr  z2j  dj 


(3  1) 


2., 


40  H,  t,  ,T  ■)  dz 


Id  Vf  F  -i 


>< '>'■■■■  tn'i’ru>'iud  .  f  I 


tntegrai«  jiiove  f  an  h«; 


by  the  following  summation* 


*'  replace 


s/. 


V  w.  (h.  -  n  ) 

k  k  +  1  5.- " 


V 


5  8 


V. 


D 


|  r~  ?  ") 

?  £,  Wo  '  '<> 

3  wk  •’i'.i  -  >\  > 


(2.4) 


when 


W,  -  cos  20, 


=  2, 

*  3, 


-  sin  20^ 


cos  4@, 


sin  ■10, 


where  k  is  (be  index  of  summation  and  n,  (he  number  of  layers.  Table  H  is  not 
a  (  t  ans  { c  rrr»a !.  ion  re  la  (ion  as  m  Table  i,  although  the  appearance  is  very  a  irriila  r 
Table  n  j.s  -m  expression  of  Equation  (9)  in  terms  <  f  multiple  angles  rind,  js  valid 
tor  a  lamin.itfii  eoivi  posit#*  eons  is  ting  of  layers  of  th»-  same,  mate  rial,  otherwise 
(hi*  is  s  i  iinn  if  be  taken  out  of  the  integral  signs.  The  purpose  of  expressing  A . 
B 

which  ma  v  not  be  us  a  ppa  rent  h  y  use  •('  Fquatmo  (‘1  }.  The  tie  ri  cation  to t  tin*  ••  a  ;■ 
of  an  unisotriipi,  mate  rial  ( f '  -  IT,  i  0)  »  an  be  c  a  r  r  i  «d  out  sn  a  siniii.'u  fashion. 

tiu  s  *?is  ( i.  *  *  ’  i  ■  1 1  s  f  i ,.  *  n  e  iji  s  ,s  *  i  ;n!:i  of  A  ,  [\  and  1)  run  hr  Be 

U  U  U 

the  #•  jjp  t  eu  ■.  1 1  uni  in  Fable  II.  Fo  r  example,  the  i  ratw  formed  A  . 


r  arm  i .'  so  this  format  is  to  aid  the  unde  rs  landing  of  laminated  t  orn  i  on  i  tea 

.)  u 


«  I  f  I  g 

<\  1 ,  ..  a  n 


>e  on  fun 


j  urn  in,i ; , 


Ort'i  p*  >:<  .i  f  r  !.h  s  ougl 


angle 


j.  f  1  t 


U»  f 


.VJsi 


>u  i.A,  fat  l  ■ 


SB  Del.  1  *&}.-£&&&. :  x  J 


Since  #  is  constant  for  the  entire  laminated  composite,  thus,  independent 


of  *: 


(l  6} 


A1 1  “  ui  h  *  U2  cos  2  0  j  COi  29  dz  +  u2  2  0  /  *f«  20  dz 

*  U3  cos  4  0  J  cos  4€  dz  +  U  ,sin  4  0  J  sin  40  dz 

“  H  +  U2  V]  A  cos  2  0  +  U2  V,>A  sin  2  0 
+  U3V3.A  c-40+  U3V^  sin  2  0 


where  V  ,  V  represent  the  integrals  defined  in  Equation  (33)  or  the  sum 
1 A  4  A 

rnations  tn  (24),  and  the  subscript  A  signifies  tJiat  a  component  of  A.,  is  being 

ij 

evaluated.  Similar  results  can  be  obtained  for  the  other  components  of  A.j  - 

The  final  transformation  equations  for  A  can  be  shown  in  tabular  form: 

it 


Table  III  Transformation  Equations  of  A.. 

rt 


Constant 

cos  2  0 

sin  7  0 

cos  4  0 

sin  4  0 

Mi  ] 

M  V 

OA 

if  y 
'>  1 A 

V?A 

U  V 

3  3A 

u  V 

3  4A 

A 

jL 

if  V 

i  OA 

"U  V,  c. 

.i  i  ^ 

“U2V2A 

U  V 

3  3A 

U.V,, 

,1  4a 

A 

1  ? 

U  V 

4  OA 

0 

0 

...si  v 

3  3a 

c 

CO 

< 

A  ’ 

66 

u  V  . 

S  OA 

0 

0 

■U3V» 

-u,v 

u  4A 

2  A . 

i  6 

0 

u?vrA 

~u  V 

?  i  A 

M3V4A 

"2U...V  , 

J  3A 

/  a,: 

X  \.f 

0 

U2V2A 

if  v 

2  1  A 

•?U.1V4A 

2U  V 

3  .iA 

The  transformation  equations  for  B  and  |‘  a re  the  same  as  those  shown  in 

sj  sj 

Table  III  except  the  V.^  must  be  replaced  by  V.  ^  and  V .  ,  respectively,  where 

i  -  0,  1,  Z,  3,  4,  Comparing  Tables  I  and  III,  in  conjunct  ioi  with  Table  II,  the 

corresponding  trans  "ormation  relations  are  identical,  1?  and  U  .  do  not  appear 

in  Table  III  because  we  are  investigating  the  case  of  Q.  ,  being  orthotropic.  Thus 

A.  transforms  the  same  as  Q  Similarly,  it  can  be  shown  that  R  and  D  also 

U  '  U  ij 

transforms  like  Q  .  The  transformation  is  needed  for  esta  hshsng  the  material 

symmetries  like  orthotropy,  isotropy,  etc.,  and  the  invariants  of  this  transfor¬ 
mation.  From  Tables  II  and  III  and  Equation  (14).  the  following  invariants  exist: 

P  =  A  +  A  +  2A  -  t.  n  fO  tQ  +  2Q  )  h 

1  II  22  12  1  W11  L  22  ^12 


P  --  A  -  A 
2  66  12 


Sh  '  <Q66  *  Q,2>h 


Similarly,  invariants  for  B.  and  D. .  are: 

U  U 


"1! 

22 

12 

=  B66  - 

B 

12 

0 

D22  * 

2D.2 

0  .  - 
66 

Do  ' 

,  ,3 

I-t  h  , 

j: 

L?  hJ/l?  --  p  h  Vi  2 


re  are  several 

features  of 

the 

(a) 

i  he  invar 

tarns  for  tin 

‘  A 

(.)  n>.  i  i  r  i  » 

except,  for  < 

o  r  r 

(|») 

i  he  nr-,  a  ! 

i  a  tits  of  the 

A 

she  vat  sab 

duty  ; >f  Ib.et 

: '  v  O 

J  r  i  i  •  t  •  t  i  eft, 

sin  loading 

r  e  q  i 

H  p«'  lit  y  tug 

A  and  A 

1 2  t 

>6 

\  ! 


»  irmlii  I 


t'j4  - 


Thus,  in  a  lamina  optimisation  procedure  of  a  given  material,  say,  a 
boron -epoxy  composite-  the  range  of  variability  of  the  elastic  properties  is 
predetermined.  As  town  in  Table  II,  each  of  the  six  independent  components 
of  the  A,  B.  D  matrices  is  governed  by  a  constant  term,  which  is  not  affected 
by  lamina  orientation,  and  variable  terms  expressed  by  V.^  ^  D]  ^<?ua^:*ont, 
{2.3}  and  {2.4}. 

Special  Properties  of  Laminated  Composites 

We  will  examine  a  number  of  special  laminated  composites  and  hope  to  shed 
light  on  the  nature  of  V.,  in  this  section.  Since  the  limits  of  integration 

are  4  h/2,  integration  of  an  odd  function  (antisymmetric  function  with  respect 
to  z  =  0)  will  be  zero;  that  of  an  even  function,  not  zero.  Let  us  examine  the 
following  cases; 

(a)  If  6  is  an  odd  i  1  ■  .  >n  of  z,  which  may  be  represented  by  a  2-layer 
angle  -ply  with  4-  3  orientation  shown  in  Figure  la,  the  following 


integrands  are  odd: 

COS  pd  IzJ 


t  i  n  p0  [l,  z  J 


The  following  integrands  are  even: 


CO 8  p 


0  !  1  z  j  sin  p9  Lz  J 


where  p  -  2  or  4, 

fh  h;,  the  following  integrals  among  those  in  Equation  (23)  vanish: 


V  =  V  , 

2D  4  A 


V  «  0 

4D 


»ro  Table  II: 


0 


-  66  * 


A 

n 

A  -  U  h 

22  1 

Ai  K  ' 

U  h 

12 

4 

A,,  = 

U  h 

5 

A  =■■ 
16 

A26  -  0 

arui  from  the  above  and  Equation  (I  5) 


1  ! 


A 


1 2 


IK 


(3  6) 


66 


which  satisfies  the  condition  of  isotropy  of"  A.  .  The  isotropy  of  A,. 

U  i.1 

only  implies  that  the  moduli  of  a  laminated  composite  are  isotropic. 
The  stress  distribut  >n,  however,  is  not  the  same  as  that  in  a  homo¬ 
geneous,  isotropic  ody.  Similarly  it  can  be  shown  that 

B .  ,  =  0 

U  (  (37) 

D  .  =  A  1 1 /  1 

U  !.) 

Thus  !)  is  also  isotropic.  I’he  laminated  composite  satisfies  the 
s.i 

condition  of  homi'iirncity  as  well,  although  the  stress  distribution  is 
different  f r om  that  in  a  homogeneous  material. 

(d)  If  a  laminated  composite  has  n  equal  layers  (n  '■*  2 )  and  the  orientation 
of  layers  a  re  at  me  rement  of  n/n,  the  in  ten  rat  V  may  be  expressed 


V  (o«-k  '?w/rt  i  cos  4*/n  4  .  .  .  cos  2 it)  h/n 


( ^  6 ) 


From  I’hm'Cc'h  rahir  (4th  Edition),  formula  (63*1); 


cos  x  c  ■  >s  s  x 


f  COS  f'i  X 


I 

sin  (n  *  2)  x  1 


5  O  t 


as 


-  6?  - 
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as  #  varies  but  the  area  under  the  curve  remains  constant.  We  can  also 


:  *m\ 


elude  that  the  area  under  the  B* .  curve  is  zero  and  that  under  D*  ,  constant. 

U  U 

Invariant  Proper ti e& 

We  h"v«  d.'iJwu  that  u»t  elastic  properties  of  a  unidirectional  comjiOsitc  are 
strongly  influenced  by  two  independent  invariants. 


U.  »  (3Q  ,  +  3Q 

1  >  I  7 


uc  =  (Q, 


+  Q 


'  2QU  *  4°66 


iU,  ,  l  4Q  ,  )/8 


! 


66 


(4 

{43} 


For  laminated  composites,  the  same  invariants  exist,  except  that  corrections  for 

3 

thickness  of  h  and  h  /I  2  must  be  applied  for  the  A  and  D  matrices,  re-ipeciiv  ely. 
The  invariants  for  B,.  are  identically  zero,  as  shown  in  Equation  (28)s 

ij 


If  the  material  is  isotropic,  the  resulting  relations  sh<>  vn  in  Equation  (1  7) 


are: 


IT, 


Q 


} ) 


Q 


66 


(14) 


Because  Uj  and  U  reduce  to  the  stiffness  and  shear  Hgidity  of  an  isotropic 
material,  we  shall  designate  Uj  and  II  defined  in  Equations  (42)  and  (43)  as  the 
isotropic  stiffness  and  isotropic  rhea  r  rigidity,  respectively.  These  isotropic 
properties,  which  are  specific  combinations  of  oi  th<d  ropu  properties ,  represent 
a  realistic  me  isure  of  the  stiffness  capability  of  composite  materials,  which  can 
be  compared  directly  with  isolropu  mate  rials.  f  h  i  s  measure  of  stiffness  is 
different  from  the  common  prat  tier  of  comparing  the  longitudinal  stiffness  Q 

l  1 

with  isof.ropit  materials.  Although  Q,  for  many  mode  rn  composites  can  oe 
several  times  higher  than  light  -  weight  metals  on  the  weight  basis,  this  is  not  a 
fair  comparison  because  the  weakness  of  nuts ?  <  t>mi*os it.es  in  transverse  stiffness 
and  shear  rigidity  is  ignored. 

in  addition  to  a  realistic  bast*  of  eomparison  with  i»oi  .-••pK  mate  rials,  the 
proposed  us™  of  invariant  os  isot  i  opic  properties  may  1  cad  to  a  het  re  r  unde  rstanding 
os  the  variability  of  .lamina  o  pt  muz  at  ton  of  cormmatte  roaie  rusts.  !?  we  a  tm  r  > 


•  t  i  t  r 


‘  i  >  ?},  a  i  <:  *  f  t‘»  p  i  >jy  t  i 
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A,  -  Q  h 
U  ij 


any  ch 


c  in  fiber  orie.-l.iuon  of  some  layers  within  the  same  compos ite  will 


change  A.,  according  to  Table  JL  These  changes  are  governed  by  the  integrals 

V  ,  V  ,  V  and  V  ,  while  V'  ,  u«.  iooiiopi^.  i_o.ioirif.ts,  remains  inva  riant, 

1  Z  .5  0 

The  Vs  dictate  the  magnitude  of  the  variability  in  the  elastic  properties  of  a 
laminated  composite  and  the  variation  oscillates  above  or  below  the  isotropic 
constants.  Since  the  absolute  value  of  sine  and  cosine  functions  are  bounded 
between  0  and  1,  the  variability  of  the  Vs  are  also  bounded. 

The  concept  of  invariant  properties  may  simplify  lamina  optimization 
process.  Structural  optimization  should  begin  with  the  isotropic  constants. 

They  should  represent  the  minimum  stiffness  of  composite  materials.  Any 
lamina  design  that  falls  below  the  performance  of  that  based  on  isotropic  con¬ 
stant;?  should  be  automatically  rejected. 
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Fig’U  re  2  s  liown  th«*  t  r  arts  forrn.t  t  ion  relation  si  of  A  for  va  r  \  ous  h  o  r  on  -  «*  po  x  y 
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Figure  L  A'.'h  for  Various  Boron -Epoxy 
^  J 

Laminated  Composites 


The  unidirectional  and  isotropic  composites  are  shown  in  both  c-iagrams.  On 

he  left  diagram,  two  cross-ply  composites  with  cross-ply  ratio  rn  equal  to  I 

and  3  are  also  shown.  Croc  a  -ply  ratio  is  the  ratio  of  the  thickness  of  the  0“  to 

9  0*  layers.  On  the  right  diagram,  two  angle- ply  composites  with  helical  angle 

Ci  equal  to  30"  and  45*.  Angle -ply  composites  consist  of  equal  numbers  of  layers 

oriented  +.&  and  -Cl.  These  diagrams  illustrate  that  the  areas  under  ail  the  A! 

1  1 

curves  are  the  same.  II  a  cross -ply  with  m  -  1  is  combined  with  an  angle  -ply 
with  <X  *  45*,  the  resulting  c  am  pas  ite  is  isotropic.  This  Agrees  with  the  con¬ 
clusion  of  the  previous  section  arid  is  shown  in  Figure  I  e.  All  the  cross  -ply 
compos  sfe«  have  the  same  value  at  •#  -15*  .  This  can  he  shown  f  com  the  l  vans  - 

format  ion  equation.  Finally,  it  can  be  seen  when  the  number  of  lumiu  orientations 
inc  ceases ,  the  resulting  laminated  compos  ite  will  very  rapidly  approach  the 
isotropic  # fa i e .  (t  appears  to  he  a  more  effective  method  for  the  lamina  opt im  i  • 
nation  prog mm  to  begirt  ( com  the-  Isoi  ropic  laminate  than  ft?  begin  w t th  the 


\>  f j,  T  <,*  f'Vi  i,;  c.  i  t?  3$ 


It  may  be  useful  to  ^eterirsino  approximately  the  numerical  values  for  the 
invariant  properties  represented  by  Equations  (42)  and  (43).  We  will  define 


E 


U. 


G 


(46) 


1  ’} 

For  highly  orthotropic  composites  like  glass -epoxy  and  boron-epoxy  composites 


Q, 


p: 


1 1 


^ 


(47) 


because  the  minor  Poisson's  ratio  v  is  usually  less  than  0,  l.  If  v  is  .  3* 

21  i  2 

J  -  v  v  >  .97.  The  approximation  of  Equation  (47)  introduces  an  error  less 
12  21 

than  3  percent.  From  elasticity  solutions  by  Adam*  and  Doner  on  longitudinal 

7.8 

shear  and  transverse  loading  of  a  unidirectional  composite, 


Q,  ,/G  -  G  /G  *  F,  (G/G  ,  v  ) 

66  m  12  rn  2  f  m  f 


Q  /E  *  E  /E  =  F  ( E  /  E  .  v  J 
22  rr,  22  m  2  f  m  f 


(48) 

(49) 


functional  relations  F  and  F'  >  are  approximately  the  same  which  can  be  shown 
by  comparing  Figure  5  of  (7)  with  Figure  4  of  (8).  For  a  fiber  volume  of  70  percent 
or  less,  the  error  introduced  bv  letting 


2 


F 


(SO) 


is  2  0  percent  or  less.  Since 


(  , 


m 


e  /<:  u  *  v  j 

m  m 


we  obtain,  for  v  ■  0.  3  3,  from  Equations  (48)  and  ( 491 

n 't 


U, 


t ; 


=  E  /  2 ,  66 


(5  2) 


i  riv"  e  f 


M  \  ?  I  f t  l  ?  U  f 
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Isotropic  Stiffness 


E  *  — 

E 

+ 

s 

E 

•J  8 

1  1 

3 

22 

0! 

a 

E, „ 

f 

i 

E 

8 

.1 ! 

4 

22 

These  approximate  equations  are  simple  to  use  anti  give  reasonable  values  to 
represent  the  invariant  properties.  For  horoa-epoxy  composites. 


E 


6 


11 


40x10  psi 


E  *  4x10  psi 

ZiCf> 


12 


25 


(56) 


C  ?  a  1,5  x  iO  psi 


A  comparison  of  the  laminated  composites  analysis  with  the  approximate  rela¬ 
tion®  above  are: 


Method  of  Reference  3 
Approx,  (Eq.  54  and  5  5) 
Error 


E  G 

6  6 

16x10  ps  i  5,9  r  1  0  p®  i 

6  6 

17.5x10  ps  i  6.0x10  p«  i 


8% 


1  % 


Cox'  derived  isotropic  constants  for  random* y  oriented  fiberou#  composites 
as 

E  *  E  /3,  G  ,  F  ,  /ft  (57) 

j  t 


F  /8 

i  I 


9 


These  values  are  lower  than  those  of  Equations  (54)  am  (55).  Loewena  to  in 


also  showed  the  i/8  factor  for  in -plane  random  orientation  (the  transverse 

1  0 

t  ti  fines#  t«  taken  to  be  taro),  Bishop  also  derived  a  theory  which  has  results 

9 


similar  to  that  reported  by  i,oe  v'enstein  .  Both  References  9  and  I  0  may  be 

c  j  :•) » i  ■  f  e  f  e  d  t*.  »  h » i  n  g* 


1 1 


)s  w  .. 


.?  .  *  0 


I  he  condition#  implied  bv  this  equation,  however  ,  a  rc  not  reason 
b b  r  ■■■  i' ft  inf  o r c & d  composite®,  .The  t  rafi*  vs.t  s-s  and  shear  moduli  s 
quantities  in  defe  rmiolttfi  the  elastic  behavlc  r  of  composite  nvi*'.--. 


>. iVilMbMutJI! «).■.»*>»  l», i..»«AWUrta**UW.4i.'al.- '.II.J.y<aih*U« uyi;.MAi*Uw- 


An  approximate  estimate  of  tine  performance  of  fiber-reinforced  composite 
is  shown  in  terms  of  invariant  properties  in  Figure  3,  The  normalised  C  and 
G  are  derived  from  Equation  (545: 


m 


~  (E ,,/E  )  +  |  (E  /E  ) 

8  1  i  m  S  IZ  m 


59} 


|  [{!  -v  }  4  v  E ,/E  3  +  4  F 
8  '  r  f  f  m  8  2 


where,  the  rule-of-mixtures  equations  is  used; 


E,  ..  S  (1  -  v  ) E  4  v  E 
H  f  m  if 


(60) 


and  F s  is  expressed  in  Equation  (49).  the  numerical  values  of  which  are  obtained 
from  Reference  8.  From  Equation  (55), 


G/G 

m 


Z,  66 

~T~~ 


[(l-vf)+  vfE(/EmJ  . 


6.  3Z 
8 


F 

Z 


(61) 


where  Equation  (51)  is  vised  with  v  *  0,  33.  Comparing  vqua lions  (59/  and  (6i), 

m 

we  notice  that  for  E ,/ E  of  values  between  6  ind  120, 

f  Hi 


E/E  =  G/G  (62) 

no  m 


Figure  .3  shows  the  normalized  Sand  G  for  fiber-reinforced  composites 
with  v  ■■■  7  0  and  40  percent.  For  convenience,  absolute  units  for  E  are  also 
s.-iown  for  boron- aluminum,  glass -epoxy,  and  boron-epoxy  composites. 

Figure  3  represents  the  minimum  capabilities  of  the  composite  materials;  the 

advantage  of  designed  anisotropy  to  meet  a  specific  loading  condition  has  not 


been  claimed 


Figure  3  Isotropic 
Constants  of  Fiber- 
Rc  i  fit  v>  t  r;  ii  o?Ts  i  1  ^ 
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Summary 

We  have  shewn  that  the  trans formation  equations  of  tensors  can  be  expressed 

in  multiple  angles  instead  of  the  usual  powers  of  nines  and  cosines.  In  the  multiple 

angle  representation,  the  transformation  properties  consist  of  invariant  terms, 

which  correspond  to  the  isotropic  constants,  and  cyclic  terms,  which  control  the 

variation  and  directionality  of  properties  due  to  anisotropy.  The  transformation 

equations  for  two-dimensional  layers  (Q. ,)  and  the  laminated  composites  A.., 

B  and  D  .  can  be  readily  derived, 
ij  U 

The  elastic  properties  of  laminated  composites  as  functions  of  lamina  orien¬ 
tation  is  shown  in  Table  II.  The  components  of  A..,  B  and  D.  are  governed  by 

U  ij  U 

invariant  terms,  plus  variable  terms  in  terms  of  integrals  V  .  It  is  proposed 
tha*  isotropic  properties  for  anisotropic  materials  be  used  as  a  measure  of  the 
mi  imum  stiffness  capability.  They  may  be  considered  intrinsic  properties  of 
the  material  because  they  are  independent  of  the  lamina  orientations  and  can  thus 
represent  the  capability  of  a  given  anisotropic  material  in  all  forms  of  lamination 
including  the  unidirectional  case.  Direct  comparison:  of  the  stiffness  represented 
by  E  and  G  with  isotropic  materials  appear  to  be  more  realistic  than  the  use  of 
the  longitudinal  Stiffness  of  unidirectional  composites.  Approximate  expressions 
for  these  isotropic  const  ante  are  shown  in  Equations  (5*1)  and  (55),  and  their 
numerical  results,  in  Figure  i.  The  results  may  he  helpful  in  systems  applica¬ 
tion  oi  composite  n.  »te  rials.  1  he  relative  merits  of  conti  ollahle  variables  like 

Ert  E  and  v  can  be  determined  directly  from  Figure  1  which  should  be  of  value 
;  m  t 

to  mate  »  i  a  is  engi  n  ce  r  a . 

Finally,  the  basis  of  lamina  optimization  may  be  more  easily  car  tied  out  and 
better  understood  hv  the  multiple  -  angle  relafu'i  ok  than  the  convent  ioc.,1  t  reaf  ment, 
h e  de  e,  ret-  oi  va  riuhi!  it  v  c-» n  be  dele  rmiued  f  rem  the  values  of  the  mteg  ral*  V  . 

If  anis  •*(  ropy  is  to  be  hev  efic  lai  for  a  given  loading  rendition,  the  pe  vf<u  main 

OS  1 1 1  f"  f.-tl  1. 1  C  S  V, :  i  ;U\  a  »  \  •  — fi  *1  It.'  .5  1  v  - 1  \  S  of  t'iijtt-;  i  .t  t  f  \  t  F-<;  ■*'  .  !  ) ,u- 
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to  lamina  optimization  procedures.  For  practical  design,  the  numberof  lamin* 
orientations  in  a  laminated  composite  may  be  kept  to,  say,  no  more  than  4 
orientations.  The  variation  of  the  properties  may  be  more  effectively  con¬ 
trolled  through  the  lamina  thickness  than  the  orientation.  The  reduction  in 
lamina  orientations  may  introduce  immediate  simplification  in  structural 
analysis,  design  procedures  and  automated  fabrication  techniques  of  laminated 
composites.  The  present  concept  may  lead  to  an  optimum  design  based  on 
strain  energy  from  which  desired  anisotropy  in  a  composite  material  may  be 
determined.  A  similar  approach  to  the  problem  of  strength  seerna  possible. 


Nomenclature 


A..,  B  ,  D 
U  ij 

c. . 

>j 

Q  . 

U 

>v  4 


V. 


.  V 


M 


Elastic  constants  of  laminated  composites.  Equation  (19), 

Elastic  stiffness  matrix  of  3 -dimensional  bodies. 

Reduced  stiffness  matrix  for  bodies  under  plane  stress. 

Invariants  of  Q. 

U 

Coefficients  of  transformation  equations  in  Table  1,  defined 
by  Equation  (14), 

Isotropic  (  onstants  for  A  ,  B  and  D  defined  by  Equation  (ZZ). 

U  ij  U 

Integrals  defined  by  Equation  ( /.  1 ) . 

St  rt*SH  resultants. 

St  i'f’3  s  <  ou  pie  ■!. 

(  •>mi  ■>  (U-  ij{  ,  of  i  u  t  •  rr. 

cos  o  r  c  ro«»  -  pi  y  ratio  which  is  the  ratio  bctwcei,  the  thickness 
<>i  o'  .vi:i  o  ft”  |a ye  rs  m  a  c  ros*  -  ply  composite 


ir 

t 


v 

a 


Temperature. 

Volume  fractions. 

Thermal  expansion  coefficients. 


0 


i 

v 

0,  # 

subscript  f 
subscript  m 
bar 
prime 


Strain  components. 
Stress  components. 


Poisson’s  ratio. 

Angies  of  rotation. 

Pertaining  to  fibers. 

Pertaining  to  matrix. 

Average  quantities  or  isotropic  constants. 
Transformed  component. 
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jV._ _  P  H  Y  S  I  C  S  AND  CH  EMiS  T  R  Y  (L.  E.  Nielsen  and 

A,  T.  Di Benedetto) 

The  major  effort  of  the  Physics  and  Chemistry  group  has  been  directed 
toward  developing  an  understanding  of  the  effects  of  interaction  between  a  filler 
and  an  organic  matrix  on  the  mechanical  behavior  and  environmental  stability 
of  composite  materials.  Our  primary  objectives  may  be  listed  as  follows: 

1„  To  discover  the  mode  and  extent  of  interaction  between  phases  and 
to  determine  the  effect®  of  interaction  on  physical  properties. 

£.  To  examine  the  mechanism  and  quantify  the  variables  for  crack  propa¬ 
gation  and  catastrophic  failure. 

3.  To  examine  the  effects  of  voids  and  other  structural  defects  on  the 
properties. 

4.  To  investigate  the  environmental  stability  of  composites. 

5.  To  determine  the  effects  of  filler  aggregation,  shape  and  orientation 
on  the  properties  of  filled  systems. 

Investigations  made  to  date  have  been  on  "prototype"  organic  resins  and 
glass  fillers.  However,  with  appropriate  fabrication  and  measurement 
techniques  developed  anti  basic  concepts  confirmed,  emphasis  will  be  shifted 
to  the  study  of  the  properties  of  composites  with  boron,  graphite,  and  whisker 
r  einf  o  r  cent  e  «t. 

Fatigue,  fracture  and  Mechanical  Behavior 

Considerable  effort  has  gone  into  developing  composites  that  exhibit  improve 
mechanical  response  and  into  developing  an  understanding  of  fracture  phenomena 

m  composites. 

Many  of  our  projects  m  it  ictu  re  are  retying  heavily  on  the  use  of  the  elec  t  r  < 
arming  me.  cos'*  cope  to  elm  elate  some  of  the  details  of  the  tr  at  Jure  p  rue  ess . 
throughout  this  report  you  will  s ee  many  examples  of  the  usefulness  of  this  tool. 
In  tins  section.  Mr.  J.  i,.  Fairing  presents  a  review  papei  siirmiuuuifig  the  use 
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A  great  deal  of  progress  has  been  made  in  understanding  the  behavior  of 
thick  elastic  interface  composites,  Drs.  A.  S.  Kenyon  and  R.  J.  Slocombe 
have  developed  '•echniques  for  applying  silane  coupling  agents,  flexible  inner- 
layer  resins  and  rigid  outiayer  resin  coatings  to  glass  heads  and  chopped  glass 
fibers.  Experimental  data  show  that  improved  physical  properties  are  directly 
related  to  improved  adhesion  and  presence  of  the  flexible  innerlayer.  Electro:, 
scanning  microscopy  techniques  are  used  to  show  the  improved  adhesion  between 
phases  due  to  specific  coupling  agents  and  to  show  the  changes  in  fracture 
mechanism  caused  by  this  adhesion. 

The  polyeiectrolyte  work  conducted  by  Drs.  L.  E.  Nielsen  and  J.  E.  Fields 
has  been  an  attempt  to  produce  a  high  modulus,  high  temperature-resistant 
matrix  by  forming  ionieally  bonded  metal  salts  with  an  organic  polymer.  The 
primary  emphasis  has  been  on  reacting  polyacrylic  acid  with  a  zinc  oxide  powder 
and  filling  the  resulting  matrix  with  aluminum  flake,  iron  flake,  lead  powder  and 
boron  filaments.  Composite  shear  moduli  up  to  1.  5  ~  1.7  x  10*  pad  at  300*CJ, 
compression  strengths  approa  hing  60,  000  psi,  and  thermal  expansion  coefficients 
of  roughly  1/5  to  1/10  of  normal  organic  polymers  (in  the  range  of  some  metals) 
are  attainable.  Application  of  this  work  to  the  fabrication  of  useful  shapes  is 
discussed  in  the  Fabrication  Section. 

The  fracture  characteristics  of  edge  -  notched  composite  sheets  have  been 
investigated  by  Messrs'.  A,  D.  Warnbach  .and  K.  L,  Trachte.  They  have  shown 
that  at  low  load.ngst  the  fracture  toughness  of  a  particulate  reinforced  composite 
mate  rial  may  be  significantly  lowered  by  an  improvement  in  adhesion  between 
phases.  Electron  mic  rot* copy  is  used  to  show  that  this  dec  reuse  in  fracture 
toughness  is  associated  with  a  change  in  the  mechanism  of  crack  propagation 
m  (he  *  oni|Hiiuit*. 

Ret  outsitting  the  exit  em«*  importance  >>f  wafer  pernsruhon  in  composites  to 
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a  glass -epoxy  interface.  In  the  absence  of  detectable  cracks  and  voids,  st 
appears  that  in  contrast  to  work  reported  by  others,  silane  treatments  decrease 
the  rate  o.  diffusion  of  water  along  the  interface. 

Peyser's  work  emphasizes  again  the  need  for  accurate  measurement  of  the 
defect  content  in  composites.  Some  recent  results  (premature  for  coverage  by 
a  paper  in  this  report)  of  the  Washington  University  group  lead  us  to  believe  that 
the  measurement  of  internal  pressure  above  the  glass  transition  temperature  of 
the  polymer  is  a  very  sensitive  means  of  detecting  voids  in  the  concentration 
range  of  0.  10%  void  content  and  leas.  This  may  be  a  very  simple  and  very 
reliable  way  of  detecting  structural  soundness  of  thermoplastics,  B-staged 
resins,  and  lightly  crosslinked  structures. 

Interactions,  Aggregates  and  Networks 

Dr.  T.  B.  Lewis  has  studied  the  effects  of  inter -particle  forces  and  particle 
size  on  the  mechanical  properties  of  composites.  The  initial  work  was  conducted 
on  a  system  of  Aroclor  (chlorinated  biphenyl)  filled  with  glass  beads.  Measure¬ 
ments  were  made  on  dispersed  systems,  in  which  filler  particle  interactions 
were  negligible,  on  agglomerated  systems,  in  which  there  were  weak  cohesive 
forces  between  particles  in  an  agglomerate,  and  on  aggregated  systems,  in  which 
there  were  strong  cohesive  forces  between  particles  in  an  aggregate.  He  found 
that  spheres  of  uniform  size,  distributions  of  sphere  sizes  and  aggregates  of 
sintered  spheres  can  be  described  by  the  Mooney  equation  for  the  viscosity  oi 
suspensions.  He  also  found  that  suspensions  of  aggregates  become  non- Newtonian 
at  lower  volume  fractions  than  do  tuts  pensions  of  uniform  spheres,  and  that 
agglomerates  held  together  by  weak  forces  ac  t  more  1  ike  uniform  dispersed 
spheres  than  thev  do  like  strong’  aggregates. 

This  is  the  first  time  that  t  be  etfec  ta  of  sf  rung  agg  i  (-gates  have  been  t  It-  ariv 
shown.  The  work  is  continuing  in  order  to  measure  u-e  elastic  moduli  of 
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In  a  closely  related  project,  D.  Droste  has  been  studying  the  effects  of 
filler -matrix  interactions  on  the  thermodynamic  and  mechanical  properties  of 
filled  thermoplastics.  An  increase  in  glass  transition  temperature  with  inc rests 
ing  filler  concentration  for  phenoxy - attapulgite  composites  and  Epori  1031- 
attapulgite  composites  indicates  a  change  in  the  polymer  matrix  because  of  the 
presence  of  the  filler. 

Torsion  pendulum  data  on  the  phenoxy  - attapulgite  composites  confirm  the 
shift  in  glass  transitions  observed  by  differential  thermal  analysis.  Changes 
in  the  P'ss  moduli  and  damping  capacities  with  increasing  filler  concentration 
over  the  whole  temperature  range  studied  indicate  that  the  filler  particles  are 
influencing  the  rheologic  properties  of  the  polymer  phase. 

Mr.  J,  R„  Joseph  has  completed  his  Master's  thesis  entitled,  "The  Growth, 
Morphology  and  Reinforcement  Potential  of  Low  Molecular  Weight  Crystals  in 
Amorphous  Polymeric  Media,  "  A  rigid  amorphous  polymer  (styrene-acrylo¬ 
nitrile  copolymer)  and  low  molecular  weight  ■  ompounds  (acetanilide  and 
anthracene)  soluble  in  the  polymer  at  fabrication  temperature  and  crystallizing 
out  of  the  viscous  melt  at  lower  temperatures  was  employed  as  a  prototype 
system.  In  general.  Joseph  has  shown  that  in- situ  growth  of  low  molecular 
weighs  crystals  in  polymers  is  a  feasible  technique  for  fabricating  composite 
materials  as  long  as  certain  compatibility  requirements  are  satisfied.  Since 
the  morphology  of  the  precipitated  phase  is  strongly  dependent  on  crystallization 
rate  and  temperature,  this  technique  may  also  be  a  powerful  tool  for  studying 
the  effects  of  filler  shape  and  orientation  on  the  properties  of  composites. 

Fufu  re  Ernphas  is 

.Vumviia  r  t  ing,  the  Physics  and  ‘..hem  s  s  !  r  y  group  is  mi.<“  re  (tded  in  the  inter 
action  of  ■■  urifi  ( duer.t  mutt.  rials  on  the  microscopic  ansi  sub;nt(  roscopii.  scale, 
lue  tiH's'hiitihaiis  i.  d  vii  tin  ju.u  ivn  and  f !  ,u  t  u  i  r  in  ru  npo?i  d.rjs,  ihi'-  nature  oi  the 
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1 .  An  effort  will  be  made  to  study  the  relation  of  mechanical  properties 
to  the  morphology  of  the  filler.  Work  on  spheres  ami  fibers  will  be 
extended  to  flake#,  mats,  interlocking  networks  and  complex  dendritic 
shapes. 

2.  Work  will  be  expanded  in  trying  to  relate  the  interfacial  studies  to 
problems  in  fracture  mechanics.  Our  ability  to  do  a  wide  variety  of 
fractography  experiments  will  be  utilized  to  its  maximum  on  a  wide 
variety  of  composite  systems. 

3.  Environmental  stability  and  material  reliability  will  be  investigated  to 
a  greater  extent.  The  effects  of  water  and  oil  environments  are  of 
special  concern  in  organic  matrix  composites. 

4.  In  the  near  future  we  will  probably  want  to  investigate  transport 
properties.  It  is  very  likely  that  the  detailed  nature  of  the  interaction 
between  phases  and  the  presence  of  voids  and  other  structural  defects 
affect  volume  resistivity,  thermal  conductivity  and  the  dielectric 
character  of  a  composite.  The  use  of  these  and  other  transport  proper¬ 
ties  may  possibly  be  valuable  for  non  -destructively  evaluating  the 
soundness  cf  a  material. 

FRACTOGRAPHY  OF  COMPOSITE  MATERIALS  WITH  7  HE  SCANNING 
E  EEC TRON  M K 1 ROSO OP E  ~[j.  D.  Foili  ng  and  W.  J.  RenaudetteT 

A  vital  part  of  any  investigation  of  fracture  mechanics  in  m  eta  is  is  the 

*  > 

study  of  fracture  surfaces  with  the  electron  transmission  mi  c  r  os  c  ope  It  j« 

difficult  to  I  ind  anv  literature  on  the  subject  that  is  not  replete  with  excel  lent 
mic  rog  raphs.  Such  is  not  the  case  in  the  field  of  composite  materials.  Fracto- 
g r a ph »  of  c ornpos ites  a  re  seldom  published  for  the  s  irnple  reason  that  it  has 
been  vi  rtuatlv  smposs  il»le  to  take  me  a  ni  ngfnl  |i(  tu  res  by  ex  is  ting  techniques  , 
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they  cannot  be  used  to  examine  a  fracture  surface  directly-  without  replication. 
Satisfactory  replication  is  generally  restricted,  to  composites  containing 
particulate  fillers  only  as  the  tc  ndency  for  composites  reinforced  with  fibers  is 
to  yield  fracture  surfaces  resembling  a  porcupine's  back. 

To  study  composite  fracture  surfaces  successfully  an  instrument  is  required 
that  will  permit  direct  examination  of  the  sample,  without  replication,  at 
magnifications  from  leas  than  200  to  well  over  20,  000  times,  and  that  will  pro¬ 
vide  a  large  depth  of  field  at  all  magnifications.  The  varied  nature  of  the 
surfaces  encountered  requires  the  examination  of  relatively  large  area#  to  avoid 
bias ,  Furthermore,  it  is  desirable  to  b«  able  to  look  at  the  surface  from  various 
angles.  As  a  consequence  of  the  required  large  depth  of  field,  object  planes  will 

not  be  sepa rated.  Steroscopic  viewing  is  required  to  avoid  misinterpretation. 

Z  4  5 

The  Scanning  Electron  Microscope  described  by  Smith  and  Oatley 
satisfies  the  requirements  for  the  stu~ ,  of  composite  materials  fractography. 
in  this  instrument  a  beam  of  2  0,  000  volt  electrons  is  focused  to  a  spot  7 0  to 
i  ()()  A  in  diameter  o.i  the  sample  surface  and  is  scanned  over  the  surface  in  a 
raster  of  I  „  000  to  2,500  lines.  This  primary  beam  causes  the  sample  to  emit 
secondary  electrons  with  an  ave  rage  energy  of  6  e.  v.  ,  which  a  re  collected, 
amplified,  and  used  to  modulate  a  cathode  ray  tube  scanning  in  synchronization 
with  the  primary  beam.  The  ratio  of  the  length  of  the  scanning  line  on  (he  CRT 
to  chat  on  in,«  sample  & u rfa«? e  determines  the  magnification.  The  variation  in  the 
mn  vs  of  secondary  electrons  voiles  t*-d  is  a  function  of  surf  ace  contour;  as  a 
<•  on  sequence .  the  displayed  image  resembles  the  optical  appearance  of  the  surface. 

The  t  o'  tented  set  tmiia  ry  <  u rrent  (a)  may  be  expressed,  to  a  first  approx  ini  a- 
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collector  voltage  and  geometry,  and  other  parameters,  The  relative  change  in 
collected  secondary  current  with  change  in  surface  angle,  and  therefore,  the 
change  its  brightness  of  the  image  on  the  CRT  (that  i«,  the  image  forming  process) 
is  given  by  equation  (21), 

h.  .  ,  ,8  |2) 

■a  a  p  p  sin  9  ’ 

By  making  reasonable  assumptions  about  the  relative  values  of  ft  and  0  (e.  g,  <***<$/ 

equations  (1)  and  (2)  may  be  reduced  to  the  simplified  approximations  given  by 
3 

Smith  , 


s  =  K  Cosec  & 

tt  X  -Cot  0  6  0  for  20*  -■  0  s40* 
a 

Although  the  image  displayed  hv  the  sc. aiming  microscope  closely  resembles 
an  optical  one,  there  are  points  of  difference,  the  most  important  being  the 
appearance  of  charp  edge.  If  an  edge  or  a  thin  part  of  the  sample  is  oriented 
to  the  electron  beam  and  to  the  c»d  lector  in  such  a  way  as  to  enable  secondary 
electrons  to  emerge  from  both  side*  of  the  edge,  excessive  brightness  will 
result  and  all  detail  will  be  lost  in  this  bright  area.  It  is  this  "edge  effect"  that 
causes  the  white  line  around  many  of  th.»  fibers  in  the  pictures  shown. 

It  the  sample  surface  is  not  a  conductor  an  electrical  rha  rge  may  accumulate 
res  .<!  ting  in  ! >'»* s  of  detail  ui  mi  Id  vases,  or  complete  obi  i  tc  rat  ion  of  the  image 
i n  siveri1  ones.  !'o  obviate  fh is ,  ut.n-condticting  surfaces  ,,  •  e  coated  with  a  thin 
(2  00  (<•  400  A  }  layer  of  vacuum  depos  i*ed  <n  ;ta»,  Ch  rum  nm>  has  been  iHrti  to 
<  o,i t  .ill  samples  illust  rat'»»:  ; n  tivc  re- port;  howev  v.  r,  a a  alloy  ol  t»0%  goM  -  4 0‘/» 
palladium  has  been  eroptove-a  j*ue*  esstuHv,  Th e  charging  phrMimrnoil  t«  not 
«“  lea  r  l  v  and  -  tt  to*>5.  A  ;  have*  fi.r  r  x  » i  ti  pic  .  f  oiu-.d  s  om  e  a  npa  refill  v  nun-c  undue  tin  u 


The  applicability  of  the  scanning  election  microscope  to  c orv*pos • te  f carto¬ 
graphy  can  be  demons t rated  readily  oy  a  comparison  with  an  optical  microscope. 
Figure  1  is  an  optical  micrograph  of  a  discontinuous  glass  fiber  reinforced  epoxy 
resin  fracture  surface,  while  Figure  i  is  the  s^r.ie  surface  (but  not.  necessarily 


Figure  1  Optical  Micrograph 
of  Tensile  Fracture  Surface 
of  Discontinuous  Class  Fiber 
Reinforced  Epoxy  Resin.  J'75  X. 


the  identical  area)  photographed  with  the  scanning  micn'scope.  The  bencti! 
accruing  from  ..he  enormous  depth  of  field  is  apparc  it.  In  this,  as  ir  all 


scanning  micrograph''-  p  resected  in  this  report,  the  sui¬ 
te  the.  hue  of  view. 


wat  inclined  at  4C?' 


Studies  have  been  made  of  tensile  fracture  surfaces  of  epoxy  matrix  compo¬ 
sites  reinforced  with  beads  f  -.das  •),  discontinuous  fibers  (glass,  boron,  carbon, 
aiiicot"  carbide,  = nd  asbestos),  and,  to  a  limited  extent.,  ontinuous  fibers  (glass, 
boron,  and  carbon).  Since  only  limit  pc'  observations  nave  been  made  of  con  tin  con 
filament  reinforcements,  th  report  will  cover  discontinuous  fibers  and.  beaus 


Fracture  surfaces  show  widely  varying  morphologies.  However,  there*  are 
present  specific  features  which  can  be  ccrrel.  cd  with  phys ical  properties  of 
composites  and  which  indicate  failure  modes,  A  preliminary  i  s  of  the?:  e  feature 
has  beer,  published  . 

In  the  maj-  rity  of  systems  studied  failure  occurred  at  (or  * r-dis tinguishabl  y 
nea  r)  the  mat'  ix~  reinforcement  interface  over  a  significant  portion  of  the  fi  actu  r* 
sc  .-face.  Such  interfacin'  failure  is  mdic.it  iv»  of  poor  bonding  if  the  resin  to  th. e 
re  inf  or.*  <;  ment  and  is  cha  rac  tc  rized  by  a  fracture  .surface  contains  r>g  targe,  numhe  r 
of  exposed  denuded  fibers  as  is  shown  in  Figures  £  and  3,  Concu  r  r<  n.  with  bus  is 
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£ u t ia.ee  of  Discontinuous 
G I  a  s  s  F  i  b  e  r  R  e  i  n  o  r  c.  e  d 
Epoxy  Resin,  Fibers  bad 
oeen  Treated  with  a  Parting 
.Agent  (SC -87)  to  insure 
P o o  r  A d h e s  i  o n ,  N c  t. e  M  old 
Marks  Where  Fibers  have 
been  R  e  m  a  v  t:  d ,  4  6  0  X . 


Ten m  lie  P r a c t u r e 


hurl  ace  ol  an  .5O-0/  J  reat« 
Discontinuous  Glass  Fiber 
Reinforced  Epoxy  Res  in. 
Note  Interfacial  Crack 
Between  Fiber  and  Resin, 
000  X. 
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matrix  surrounding  the  fiber  as  illustrated  in  Figures  7,  8,  9  and  10.  The 
width  of  this  zone,  as  well  as  the  frequency  of  it.s  occur  ranee  appears  to  utcreas 
with  increasing  bond  strength  and  is  clearly  defined  only  in  those  systems  char¬ 


acters 


urn 


Figure  7  Tensile  Fracture 
Surface  of  an  Epoxy  Com¬ 
posite  Reinforced  with 
Discontinuous  Clast  Fibers 
Coated  with  a  Flexible 
Interlayer,  Note  Fractured 
Fiber  and  Zone  of  Influence 
in  Matrix,  1, 800  X. 


ones 


The  strong  interaction 

between  reinforcerre  nt  and 

matrix  in  a  well  bonded 

system  causes  the  fracture 

to  be  displaced  away  from  the 

reinforcing  elements  without 

exposing  them,  as  demonstrated 

7 

by  Kenyon  and  Slocombe  for 
beads,  or  to  intersect  them  at 
acute  angles  to  their  surface 
as  depicted  in  Figures  11  and 
12„  Finally,  the  fracture  sur¬ 
face?  of  such  samples  exhibit 
many  large  and  small  secondary 
fractures  or  cracks  in  the 
matrix  which  are  not  seen 
when  a  weak  inter  facial  bond 
exists. 

S  e .( d  om  ,  if  e  v  e  r ,  dor  *  s  a  n  y 
single  surface  display  criteria 
of  only  good  or  only  poor  bond¬ 
ing;  some  indie  at  ions  of  both 
types  can  be  found,  although 
one  type  generally  predorm  nates. 
Furthermore,  not  all.  listed 
cha  rai  te  r  is  tics  will  necessarily 
b c  on  o n  y  £  f  s is  rfat; 

The  t  i  f\a  !  s  n t  f-  r  o  r  *  ■  l  ,:•*  t  \  o n  x n  \  \  ^  t 
be  has  ed  upon  a  •  onside  >’a{  :t.n 


Figure  9  An  Enclarged  View  of 
Fi gu re  8,  9  00  X. 


:?2>H 


and  undoubtedly  only  some  of  the 
significant  characteristics  of  the 
surface  have  been  defined.. 


This  work  is  continuing  on 
characterizing  fracture  surface 
morphology  of  composites  and 
correlating  it  with  physical  pro¬ 
perties  and  types  of  induced 
failure.  Its  objective  is  the 
stabisshment  of  the  failure 
mechanisms  of  composite 
materials  by  scanning  electron 
fractography,  similar  to  that 
done  for  metals  by  electron 
t.  cans m i s s  i on  f rac tog raph y. 
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Appreciation  is  expressed  to 
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most  of  the  composites  reported 
here,  and  to  Drs.  Kenyon  and 
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COMPOSITES  WITH  FLEXIBLE  INNERLA Y  ERS  (A.  S.  Kenyon  and  R.  J.  Slocombe) 
In  this  work  primary  significance  is  attached  to  the  thin  layer  of  matrix  resin 

which  surrounds  the  reinforcing  agent  in  organic  matrix  composite  systems.  If 

it  has  a  suitable  structure,  this  innerlayer  of  resin  is  viewed  as  being  in  position 

to  promote  stress  distribution,  improve  adhesion  and  reduce  voids  at  the  interface. 

A  preferred  ordering  of  molecular  structure  is  also  possible  through  the  operation 

of  forces  at  the  interface  when  the  innerlayer  is  deposited.  These  views  on  stress 

1 

distribution  a  re  supported  By  the  preliminary  studies  of  Kenyon  ,  and  by  th«  oretical 

£  j 

cons  ide  rations  by  Matonis  and  Small  and  Gaonkar  .  Factors  related  to  adhes  ion 

4 

and  inte  r  facia  l  voids  have  been  surveyed  by  /  is  man  and  some  aspects  of  the 

otienfafion  of  polymer  molecul e«  at  interfaces  summarized  by  Stromberg  and 
6  6 


Kline  and 

by 

Kipling  .  From  a  synth  'sis  vtewj 

Hunt , 

m oi ec ula r 

H pec i 

it*  a  y  h 

de v  el oped 

m  a 

resin  tone  r  S.tye  r  that  do  not  exist 

i  n  t  h  < 

t>  u  t  k  rn  ei  t  r 

ix  re  a  in* 

C  on  • 

&  r  .i  u e  n  1 1  v  ■ 

t  h  e 

pe  rforrpanc  e  of  c  ompi.es  Kes  with 

g  ood  1 

'  imu-rlaye 

rs  .may  b 

«*?  four? 

to  exceed  t 

hat 

predic  teci  by  "rule  of  mixtures" 

that  i 

r  e  a  f.  h  th  c*  n 

:  •  a  (  i"  i  x  a  $ 

a  b.  t  J3  Y 

-9  3- 


!n  recognition  of  these*  possibilities,  initial  experimentation  has  been 

directed  to  exploration  of  relationships  between,  synthesis  variables  and  to 

obtain  positive  indications  of  performance  potentials.  Basically,  the  synthesis 

procedures  were  designed  to  allow  control  of  the  thickness  and  composition  of 

inner layers  produced  on  chopped  glass  fibers.  Operating  procedures  were 

designed  and  carried  out  as  individual  steps  in  'the  following  sequence; 

J,  Preparation  of  outerlayer  protomatrix  resin. 

* 

2„  Preparation  of  silane-treated  fibers, 

3.  Adding  innerlayer  to  s ilane-treated  fibers, 

4.  Adding  outerlayer  protomatrix  resin  to  jnne rlayer -coated  fibers  and 
working  up  the  granular  epoxy  prepreg  product. 

5.  Molding  and  curing  the  prepreg  product  into  test  specimens. 

Background  studies  for  carrying  out  steps  1  and  4  were  described  previously  by 
7 

Slocombe  . 

Prior  to  their  incorporation  in  the  prepreg  form  of  a  composite,  the?  resin 
compounds  were  partially  reacted  to  produce  a  relatively  stable  solution  (proto- 
matrix  resin  solution),  The  solvent  used  for  the  reaction  of  the  epoxide  and 


amine  components  was  formulated  to  meet  the  solubility  requirements  and  to 
provide  a  hydrogen  donor  to  catalyze  their  reaction.  In  its  final  form,  the  solution 
of  protomatrix  resin  was  produced  with  S0%  solids  in  acetone.  In  addition  to 
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solvent  and  the  solution  volume  required  to  produce  a  siun  -  of  individually 
dispersed  glass  fibers.  Maximum  cure  was  the  prime  consideration  recognized 
in  selecting  the  curing  cona  tions. 

To  obtain  more  specific  information  on  adhesion  and  fracture  behavior, 
experiments  were  subsequently  carried  out  using  glass  beads  which  provided 
an  untreated  glass  surface  of  known  geometry.  Various  silane  couplers  were 
used  with  and  without  innerlayer  in  a  matrix  ream, 

Preparation  of  Outerlayer  Protomatrix  Resin 

T*  «  following  description  applies  specifically  to  the  preparation  of  proto¬ 
matrix  solution  No.  35  (PMS-35).  However,  it  must  be  regarded  as  an  example 
typical  of  numerous  runs, 

Solution-A  was  prepared  by  dissolving  75,  0  g»  methylene  dianiline  in  a 
solution  of  817.  5  g.  methanol  and  114.  0  g.  water.  Soiution-B  was  prepared  by 
dissolving  249.  0  g.  Epon-826  in  355.  0  g.  xylene.  The  A-poin  analytical  speci¬ 
mens  were  taken  from  a  mixture  prepared  at  room  temperature  using  13.  3  g. 
solution -A  and  Z  0,  0  g.  solution  -  B.  fo  produce  the  protomatrix  resin,  a  fared 
one-neck  three-liter  flask  fitted  with  a  reflux  condense  -  attached  through  a 
V -adapter  was  charged  with  966.  Z  g.  solution-A.  The  solution  was  heated  with 
a  Gias  -C  o'l  mantle  and  stirred  with  a  magnet-driven  bar.  At  the  reflux  point, 
579.  8  g.  sohifion-B  was  added  quickly  from  a  dropping  funnel  at  the  Y -adapter. 
The  funnel  was  immediately  replace;!  with  a  thermometer  anti  to  maintain  a 
solution  temperature  of  68*  ,  refluxing  quiet  ly  restored  as  heating  continued. 
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The  flask  was  weighed  to  determine  the  amount  of  syrup  remaining,  and  a 
material  balance  was  made  assuming  that  the  only  resin  components  lost  from 
the  reactot  were  those  in  the  analytical  specimens.  This  calculation  showed 
that  the  syrup  contacted  0.  942  g.  resin  components  per  gram  of  syrup,  and 
consequently,  the  324  g.  of  product  contained  305  g.  resin  components  and  19  g. 
residual  solvent  which  was  assumed  to  be  xylene.  By  subtraction,  it  was  calcu¬ 
lated  that  286  g.  acetone  should  be  added  to  give  a  solution  with  5  0%  solids.  The 
D -point  analytical  specimens  were  taken  after  the  dilution  was  made.  The  (solution 
was  sealed  in  pint  bottles  for  future  use  with  one  bottle  put  in  a  refrigerator  for 
cold-storage  testing.  Solids  determinations  were  made  on  the  solution  by  drying 
0.  3  g,  samples  dispersed  in  small  pans  of  sand  in  a  vacuum  oven.  The  test 
showed  49.89  and  49.9?%  solids. 

Analysis  of  Protomatrix  Resin 

The  A-  and  B-point  analytical  specimens  each  consisted  of  two  10  ml. 
samples,  and  the  C-  and  D- point  specimens  each  consisted  of  two  1  g.  samples, 

For  each  analytical  point  in  the  procedure,  one  of  the  specimens  was  titrated 
with  0.5  N.  hyd robromic  acid  in  glacial  acetic  acid,  and  the  other  specimen  was 
titrated  with  0.  !  N,  perchloric  acid  in  glacial  acetic  acid.  Both  of  the  reagent 
solutions  were  handled  in  automatic  burette*  to  minimize  contamination  and 
evaporation  losses.  They  were  standardize!  on  the  same  day  the  analyses  were 
made  using  certified  acidimet  idc  standard  grade  of  potassium  acid  phthalate. 

The  titrations  were  made  in  126  rnl.  flasks  with  magnet -driven.  Teflon-coated 
stirring  bars.  Before  tit  i  attng,  each  specimen  was  diluted  with  6  0  ml.  glacial 
acetic  acid  arid  6  or  6  drops  of  indicator  added  (0.  1%  solution  of  crystal  violet 
sit  glut  sal  ace  In  acid), 

A  n  a  S  v  t !  >  a  I  data  from  the  protomut  rix  resin  h  v  r>  t  h  c  »  is,  PMS-  16,  are  given  in 
Table  (,  and  storage  data  on  "his  same  p  rotomat  r  lx  solution  n  re  given  m  Table  IT 
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S i  1  a ne  T r e a t m ent  of  Fibers 

A  3-liter  flask  was  fitted  with  a  stirrer,  electric  heating  mantle,  reflux 
condenser  and  thermometer,  and  cha  rged  with  30  g.  I  /  32 "  chopped  fiber  glas 
and  2300  ml  acetone.  After  stirring  1  0  minutes  for  washing,  the  acetone  was 
removed  by  a  action  with  r*  filte  r  stick,  and  replaced  by  a  solution  of  0.  09  g, 

V  •-  aim  i  n  op  r  opy  1  f  r » »*  f  h  o  k  y  s  1 1  a  ne  in  23  00  mi.  water.  The  slue  ry  was  stirred  gen 
to  avoid  halting  the  fibers,  heated  to  7  0*  ,  and  he  hi  at  this  ten>pe  rature  for  10 
minutes.  After  the  wnte  r  w  is  removed  by  the  fi  !te  stick,  the  fiber;-,  we  re 
was  hen  Iwu  >.*  will,  one  - 1  ite  r  jierUnr,  .•»  of  e  tone. 

Pep  >n  i  *  i  on  *>(  (nac  rlnye  r  Res  <n  cm  Fibers 

A  quanta*  of  mne  rlave  r  s  olveot  w  ,is  p,-epu  ;  ed  h  y  mixing  3,100  mi.  nv-tlinn 
!  2  00  ml.  a*  el  one  and  3  f>0  sol  w  ;ite  ,  i  hr  itvgM'iaye  r  t  e m  »<>!ut  ,on  was  prep* 
muting  iiS  g.  K  pott-8 1  :>  a  .id  i  1  g.  EM  -2  0*  v*.  ifh  2  .  'rti.  >>l  'he  inner  !aye  r 
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inner layer  solution  was  then  added  and  heated  while  stirring  gently.  At  about 
40°.  Z8.  75  g.  triethylenetetramine  was  added  and  heating  continued  for  a 
specified  period  after  reaching  the  reflux  temperature,  64®.  The  inne  r!ay«  r 
solution  was  then  removed  by  suction  with  a  filter  stick  and  the  fibers  rinsed 
twice  by  swirling  gently  with  a  liter  of  acetone. 

Deposition  of  Outer  layer  P.es  in  on  Fibers 

An  acetone  slurry  containing  30  g.  of  1/32'’'  chopped  glass  fibers  from 
pre-dous  steps  was  transferred  to  a  one -liter  tared  beaker  and  most  of  the 
acetone  removed  by  decantation  leaving  about  100  to  120  g.  to  keep  the  fibers 
wet.  The  protomatrix  solution  was  weighed  by  difference  from  a  closed  bottle 
and  added  dropwise  while  gently  mixing  with  a  lifting  motion  to  avoid  balling  the 
fibers.  The  prepreg  was  precipitated  in  granular  form  by  adding  half  of  this 
mixture  in  email  portions  with  a  spoon  to  each  of  two  four-liter  beakers  equipped 
with  a  motor-driven  paddle  stirrer  and  containing  three  liters  of  0.  17%  FDR-14 
solution  at  0®  -5*  C.  The  pr oduc  was  washed  six  times  with  about  3500  ml.  ice- 
cold  water  to  h,>  den  the  resin  and  subsequently  spread  out  on  i  fine  -mesh  sieve 
over  absorbent  paper  to  drain  water  from  the  porous  granules.  The  product  was 
dried  on  Teflon  trays  in  vacuum  ovens  for  about  >  6  hours  at  room  temperature. 
When  60  g.  of  protomatrix  solution  was  used,  the  yield  of  dry  prepreg  was  about 
h 0  Samples  showed  50-55%  ash  content  (fiber)  upon  ignition. 

Molding  and  Curing  the  Prepreg 

Moldings  were  made  by  charging  2  3  g.  of  freshly  dried  prepreg  in  a  positive 
press  u  re  mold  with  a  2  v  6"  «.:a\  ity .  Appro*  table  cure  and  prepacking  was  necea  - 
•'*  *-:t '  \  <  •*  d.\. '  n  i  ■  ,s  wm  form  « I  i  s  t r  i  u  « *. » » *  *  n  f  h  t*  n  >  *  *  *  <  j  w  h  .*  c  h  h  S  d  l> e  p  n  p  r  p  v  i  t)u !  y 
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made.  The  maximum  pressure  was  maintained  on  the  mold  while  it  was  cooled 
to  below  60°.  Moldings  were  cured  by  heating  for  3  hours  at  150°  followed  by 
3  hours  at  80*.  An  uncritical  test  gave  better  strength  using  this  curing 
sequence  than  when  reversed.  Two  3/4  x  6"  strips  were  cut  from  each  molding, 
and  these  strips  were  routed  to  give  specimens  for  tone  ile  testing  in  an  Ins  Iron 
machine  with  an  extensometer  to  obtain  stress -at  rain  data  given  in  Table  HI. 

The  epoxy  resin  (Epon-815)  and  flexibilizer  (EM-307)  were  used  in  the  /atiow 
shown  in  this  table. 

Glass  Beads  With  Couplers  and  Innerlayers  — 

Microbeads  (Cataphote  Corporation 
Type  4  000)  having  an  average  size  cf  0.  001  "  ! 

and  ranging  from  0.  0005"  to  0.  0015"  were 
surface  treated  by  stirring  in  1%  solutions 
of  various  silanes,  (Table  IV)  in  a  ratio  of 
1  ml.  per  gram  of  beads  at  room  tempera¬ 
ture  for  30  minutes.  The  beads  were  removed  from  tin*  solutions  and  dried  and 
cured  by  baking  at  14  0°  for  an  hour.  Some  of  the  t  re.Pments  yielded  agglomerated 

beads.  However,  they  were  reach ly 


FABLE  [V 


g  5 


dispersed  in  the  matrix  resin  mixture 
or  the  innerlayer  solution.  For  these 
tests,  the  matrix  resin  mixture  was 
Epon  8  l  5  and  triethylenetet  i  amine  in 
a  ratio  of  7/1.  1  ri  those*  examples 

having  .in  mneriayer  (Table  IV)  100  g. 
of  (he  'll  on-  treated  heads  were  coated 
by  slit  ting  in  a  refluxing  solution  of 
the  following  composition:  6.35  g. 


Epon  BIS,  ,’.5  g  M  si  i  arid  35  0  ml.  imie  rtaye  r  olv<  ni  mixture  (7.  6%  wale 


67.3  *t.  llunnl ,  5 .  3  %  a.  e  t  one).  After  one  hour,  i.  K  g,  f  r  ieth  vienefet  rarmne 

was  adde-.f,  arid  On-  r  t*  f  !  ex  i  "lg  was  ■  ontinu  1  for  two  hours  longer.  The  coated  6 
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were  separated  from  the  solution  by  filtration  on  a  Buchner  funnel,,  dried  for 
15  hours  af  7 O’  ,  and  then  dispersed  in  the  matrix  resin  mixture, 

Rav  Materials 

Epon  815  and  826  are  commercially  available  resin  components  consisting 
largely  of  bis  -phenol-A  -diglycidyl  ether.  Epon  815  contains  some  monofunctional 
epoxy  diluent.  Both  materials  were  obtained  from  Shell  Chemical  Company, 
p,  p'Methylenedianiline  was  obtained  as  a  purified  gra.de  from  Dow  Chemical 
Company,  EM-207  is  a  low  molecular  weight  polyester  obtained  from  Thiokol 
Chemical  Corporation.  These  rt  sin  compor  er.ts  were  analyzed  by  titrating  with 
hydrobromic  acid  by  the  precedure  used  for  analysing  the  protomatrix  solution. 

Tht  gram -equivalent  weights  were  as  follows;  183  g.  for  Epc  s  826,  187  g.  far 
Epon  815,  99,50  g.  for  methylenedianiline,  and  6  x  1  05  for  EM-207,  Theoretical 
gram -equivalent  weights  are  17  0.2  g,  for  Lis-phenol-A-diglycidyl  ether  and 
99.  64  g.  for  methylenedianiline.  A-l  100  is  a  commercial  grade  oi  7-amino- 
propy’triethoxysilane  obtained  from  Union  Carbide  Corporation.  A  technical 
grade  of  t ri ethyl enetetramine  was  used  as  obtained  from  Fisher  Scientific 
Company.  PDR-14  is  a  copolymer  of  acrylic  acid  and  2 ~e thylhexylac r yla te  in 
a  9  6/4  weight  ratio  obtained  from  Monsanto  Company.  Analytical  reagent  grades 
of  acetone  and  methanol  were  used  as  obtained  from  Mall inck rod t  Chemical  Works. 
The  fiber  glass,  obtained  as  a  20-end  roving  from  Ferro  Corporation  was  designated 
Type  1014  and  had  been  treated  with  a  silane  coupler  and  coated  with  epoxy  resins 
by  the  producer.  Strands  of  th»  roving  were  laid  together  and  sandwiched  between 
cellophane  tape  for  chopping  into  1/32"  lengths  with  a  guillotine-type  chopper. 

The  shredded  tape  was  removed  by  sieving.  The  fiber  diameter  was  measured 
with  a  mn  rostupe  and  found  (;>  be  ’)  mu  runs. 

I.  1  !  M  C  US  H  I  <  >n 

The  result-  presented  m  this  piper  should  be  regarded  as  having  more  c.f  the 
(  hara*  te  r  of  <  vpmratorv  findings  rather  than  a  definitive  study  because  the  number 
of  variables  involved  m  i  at  ry ing  out  a  thoroughly  systematic  investigation  is 
beyond  the  si  ope  of  this  inif  t  effort. 
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From  a  working  viewpoint,  the  inner  layer  i...  regarded  a»  the  matrix  resin 
that  immediately  surround*  the  r 'inforceruent  and  has  structural  and  property 
characteristics  a igrsificantly  different  from  those  of  the  major  portion  of  resin 
in  the  matrix.  Basically,  the  synthesis  prc cedare#  were  designed  to  allow  con¬ 
trol  ot  factors  related  to  the  mickeies  fl  and  composition  of  the  inne  flayer  so  that 
test  specimens  could  be  produced  for  appraising  the  potent  1  of  .flexible  inner- 
layers  in  discontinuous  fiber  systems. 

The  constitution  of  freshly  prepared  rrotomatrix  solution  has  been  deduced 
largely  from  consideration  of  initial  and  liztul  values  of  the  ox irane /amine 
(Table  I)  and  the  known  stoichiometry  of  the  resin  components.  Under  the 
conditions  provided,  it  is  expected  that  the  first  reaction  product  between  the 
diamine  and  diepoxide  should  yield  dimer- A  and  that  the  subsequent  reaction  of 
this  dimer  would  probably  be  either  trimcr-B  or  trimer  *C  as  shown  schematically 
in  Figure  1.  To  satisfy  the  requirements 
imposed  by  the  initial  oxirane/aimne  ratio 
of  1.  8  and  the  final  ratio  of  1,3  as  shown  in 
Table  I,  the  composition  of  the  protomatrix 
solution  at  this  stage  should  consist  largely 
of  dirner-A,  trimer-B  and  unreacted 
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lucpoxide  monomer  with  small  amounts  of 
trimer- C  and  highe r  oligomers. 

Storage  data  on  protnmatrix  solutions 
(Table  II)  show  significant  differences  not 
only  in  the  rale  at  which  the  changes  occur, 
but  also  in  the  kind  of  changes.  When 
stored  at  Z5“',  the  analyses  a  bowed  equiva¬ 
lent  decreases  in  both  the  oxirane  oxvgen 
and  the  amine  function.  The  net  effect 
appeared  as  an  increase  in  the  oxirane/ 

amine  ratio  since  the  excess  of  oxirane  was  propor?  innately  i« 
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reaction.  From  this,  it  was  inferred  that  the  epoxy-amine  reaction  had  produced 
macr omoleeules  in  which  the  amine  groups  were  inaccessible  to  the  acidic 
reagents  in  acetic  acid.  In  contrast,  when  the  protomatrix  solution  was  stored 
at  £■*,  the  tit  ratable  amine  content  was  essentially  constant  throughout  the  test 
period,  and  the  decrease  in  oxirane  content  was  markedly  slower.  The  net  effect 
of  the  changes  at  5°  appeared  as  a  slow  decrease  in  the  oxirane /amine  ratio,  and 
from  this  it  was  inferred  that  the  epoxy-amine  reaction  had  produced  molecular 
species  in  which  the  amine  groups  remained  accessible  to  titration  in  acetic  acid. 
These  interpretations  suggest  that  different  network  structures  can  be  produced 
by  controlling  the  solution  storage  temperature,  and  thereby  it  may  be  possible  to 
produce  resins  with  improved  properties.  All  of  the  test  specimens  reported 
herein  were  made  from  protomatrix  solutions  stored  at  room  temperature.  No 
correlation  was  observed  between  the  age  and  properties  of  resin  specimen® 
prepared  from  protomatrix  solutions  which  had  been  stored  at  room  temperature 
for  various  time  periods. 

Table  III  gives  the  physical  properties  of  composites  made  by  molding  pi  *pregs 

of  1/32'1  chopped  glass  fibers  with  and  without  flexible  innerlayers  in  a  rigid  outer 

matrix  resin.  Improved  "ensi'e  strength,  modulus  and  elongation  were  found  for 

the  composites  containing  the  innerlayer.  All  samples  in  this  series  were  molded 

under  the  Marne  conditions  so  that  the  orientation  of  the  fibers  i  hould  be  comparable, 

1  0 

1,’iclsen  and  Chen  have  derived  a  relation  for  Young’s  modulus-  of  randomly 
oriented  fiber  filled  composites  in  which  the  modulus  values  are  a  function  of  the 
ratio  of  the  mod*  ?i  of  the  filler  to  matrix  and  the  volume  fractions  of  the  compo¬ 
nents.  in  the  e.u*<  •  of  glass -epoxy  system,  the  ratio  £*/ E,  is  approximately  3  0, 

and  the  ratio  of  < he  modulus  at  random  angle  to  the  modulus  when  ail  fibers  are 

(E ,  > 

oriented  parallel  to  the  direction  of  stress  is:  _ d  0.  M. 

F,, 

From  the  equation, 

<E9>  »  Ej  #s  -f  F  Ej,  #. 

where  ?'  it,  the  fib  ■  efficiency  factor,  the  values  for  a  calculated  modulus  and 
fiber  f ac lor  can  be  determined.  Table  V  shows  the  calculated  ‘values  compared 
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with  the  experimental.  In  three  of 

UfeC  V 

the  four  cases,  the  calculated  values  _ 

giasshm*  -  *i*o#ycoa*05itcs 

for  the  modulus  and  fiber  factor  is 

Poty«W«  I}  ^  cal  ^<4*  fC4»l 

lower  than  the  observed  values.  In  ~ 
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the  case  where  the  fiber  manufac- 
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turer's  surface  treatment  was 
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destroyed  by  heat  cleaning,  the 
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Ne 

calculated  and  observed  values  agree.  twcia*^ 

As  a  consequence  of  the  com- 
prescion  molding  operation,  the 

short  fibers  did  show  partial  alignment  in  planes  parallel  to  the  platens  of  the 
mold.  Even  with  this  very  limited  orientation,  the  observed  modulus  values 
were  higher  than  expected  and  also  higher  than  predicted  for  specimens  with 
a  high  degree  of  planar  orientation.  Further  work  may  show  that  these  higher 
values  can  be  attributed  to  better  adhesion  and  improved  stress  distribution  at 
the  interfaces. 

An  examination  of  innerlayer-coated  fibers  by  phase  contrast  microscopy 
showed  rounded  deposits  of  resin  on  the  fiber  ends,  whereas  fibers  free  of 
inner  layer  have  sharp  edges  which  could  cause  high  stress  concentrations.  The 
reduction  of  fiber  end-effects  by  an  innerlayer  coating  could  contribute  signifi¬ 
cantly  to  improved  performance  of  the  composites.  As  subsequently  confirmed 
with  beads,  improved  adhesion  of  the  matrix  resin  to  the  libers  by  the  use  of 
flexible  inner  layers  could  contribute  to  improved  composite  performance  by 
die  following: 

I ,  R e d u et  ion  . :> f  f i a  w s  a  f  t h e  i n t e  r  f a c e . 

Z,  Alteration  of  the  stress  distribution  and  stress  transfer. 

J.  Modification  of  the  resin  in  the  vicinity  of  the  interface  through  preferred 
orientation  ot  tin-  molecules. 

With  regard  to  this  latter  point,  the  uae  of  a  flexible  inner  iaye  r  allows  the  x.  one 

11 

ot  influence  resuming  from  prefe rentsal  adsorption  to  be  extended  into  the 
m at r t x  re s in. 
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For  detailed  study  of  adhesion  and  fracture  behavior,  glass  beads  w*r© 
selected  for  use  as  the  filler  since  they  present  surfaces  with  known  geometry 
and  known  composition  and  thereby  reduce  the  number  of  variables  encountered 
in  fiber  systems. 

12 

Kenyon  and  Duffey  studied  the  physical  properties  of  a  glass  bead  filled 
polymer  at  filler  loadings  up  to  50  volume  fraction.  They  showed  composite 
containing  beads  treated  with  Y-glycidoxypropyltriethoxysilane  had  greater 
elongation  than  predicted,  based  upon  no  alteration  of  the  base  resin,  and  cited 
this  as  evidence  of  a  change  in  the  resin  by  preferential  adsorption.  In  this 
study  the  effects  of  surface  treatments  were  established  by  using  different  silanes 
as  coupling  agents. 

In  Figure  2,  the  atress -strain  character¬ 
istics  are  related  to  the  molecular  structure 
of  silane  surface  treating  agents.  The 
principal  curve  in  this  figure  ia  governed 
by  the  properties  of  the  base  resin,  and 
those  curves  that  branch  off  at  the  lower 
stress  levels  are  interpreted  as  indicating 
debonding  at  the  glass -resin  interlace.  Those 
silanes  which  do  not  provide  a  functional 
group  for  reaction  with  the  matrix  compo¬ 
nents  show  this  branching  from  the  principal  curve.  This  behavior  is  illustrated 
by  metuyichloro,  phenyl  and  methac ryloxy  silanes  (SC-87,  A1 53  and  Z6030 
respectively).  Untreated  glass  surfaces  show  stronger  interaction  with  the 
matrix  resin  than  glass  surfaces  treated  with  the  foregoing  agents. 

Ami  nopropyl  and  glycidoxy  silanes  provide  functional  groups  that  van  react 
with  the  matrix  resin,  and  composites  made  from  heads  treated  with  these 
agent.',  allowed  » ignific  ant  Jy  higher  levels  of  stress  and  strain  to  be  attained. 

The  glycidoxy  silane  appeared  to  be  more  effective  as  a  coupler,  and  tram  this 
it  it.  interred  to  he  more  reactive,  with  the  matrix  res  in.  The  intluence  of  the 
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in  which  carbon  tetrachloride  was  found  to  be  a  less  effective  solvent  than  the 

13 

acetone-water  system.  These  results  are  in  accord  with  Wong  who  reported 
poorer  properties  on  composites  when  glass  fibers  were  treated  with  amino 
silane  deposited  from  chlorinated  solvents. 

The  highest  levels  of  stress  and  strain  were  shown  by  specimens  having  a 
flexible  innerlayer  added  to  the  beads  with  the  aminopropy!  or  glycidoxy  silane 
couplers.  In  these  systems,  the  improved  adhesion  allows  stresses  to  develop 
that  cause  some  bead  fracture  when  flaws  or  voids  exist  in  the  beads,  Figure.  3. 

|  Since  no  evidence  of  bead  fracture 
was  observed  for  coupling  agents 
giving  adhesion  less  than  obtained 
with  glycidoxypropyl  silane,  it  is 
inferred  that  better  stress  transfer 
is  obtained  with  improved  adhesion. 

The  principal  curve  in  Figure  l 
shows  that  the  initial  modulus  of 
all  samples  is  equivalent.  The 
bead  treatments  and  test  data  for 
all  samples  is  summarized  in 
Table  IV.  I'he  measured  moduli 

of  these  samples  agrees  with  cal  - 

Finn  re  1  Tensile  Fracture  Surface  ,  ,  ,  ,  ,  ....  , 

..  ,  ..  ,  ...  .  ,  ,  ,  cuiated  values  based  on  a  mod  tiled 

;  -4  Ob'  Sort  aet1  1  re.it  merit  (4  us  1:  i 

14  . 

Flexible  innerlayer  Showing  Bead  Kcrner  equation  (or  a  30  volume 

Fracture,  19  10  X.  ..  .  ....  , 

fraction  loading.  1  he  degree  Q\ 


adhesion  does  not  alter  the  initial  modulus  because  the  filler  is  subject  to  ,t 
clamping  action  of  t  he  resin  due  to  its  shrinkage. 

Figure  1  shows  that  inrie  rloye  rs  are  effective  in  improving  fers.de  strengths 


ot  i  omposifes  over  a  range  ot  w  to  S0%  tiller  loadings. 
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The  effectiveness  of  silane  couplers  on 
adhesion  is  shown  by  the  electron  scanning 
photomicrographs,  Figures  5,  6,  7  and  8. 
Tensile  fracture  surfaces  of  specimens 
summarized  in  Table  IV  and  Figure  i  are 
shown  in  these  views.  Typical  debonding 
shown  in  Figure  5  is  characteristic  of 
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results  obtained  with  methylchloro,  phenyl 
and  methacryloxy  silanes.  Improved  bond¬ 
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Figure  1 


ing  is  reflected  by  the  appearance  of  resin  adhering  to  the  filler  surface  as  the 


fracture  occurs  farther  into  the 
matrix.  This  behavior  is 
illustrated  photographically  in 
Figures  b,  7  and  8  where  the 
improvement  in  adhesion  parallels 
the  improvement  in  strength 
shown  in  Figure 

These  results  illustrate  the 
importance  and  p  r ac  t  icabi !  i  ty  of 
a  concept  t  h a t  u s e s  f  1  c x i b  i  e 
•nnerlavers  with  silane  couplers 
to  produce  composites  with 
supe  nor  pe  rformance. 


(  *  one  I  us  >  i.ins 

Tt'ihmqmu  to;  oqin  nli.j'lv  apply  mg  silane  coujimg  agents  ,  flexible  tnne  r  la  ye 
re  sic.:;,  and  rigid  outer!;!  v«*  r  resin  eoatxngu  to  glass  beads  am!  chopped  glass  liber 
haw  been  i  is  • ;  n  .  >ns  !  r  a. ;  e  <  i , 
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Fig!  re  6  Tens  ile  Fracture 
Surface  Glass  Beads  Treated 
with  Amino  Silane  (A - i  1  00), 
540  X. 
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Fxgure  8  Tensile  Frac¬ 
ture  Surface  Y-4087 
Surface  Treatment 
Plus  1:  1  Flexible 
Innerlayer,  985  X, 


Prepregs  made  from  discontinuous  fibers  have  been  shown  to  give  molded 
specimens  with  physical  property  improvement  attributed  to  a  flexible  inner- 
layer  with  good  adhesion. 

Improved  adhesion  was  shown  to  be  at  least  partially  responsible  for  reater 
strength  provided  by  composites  made  with  flexible  innerlaye  rs.  With  improved 
adhesion,  better  stress  transfer  is  also  feasible. 

The  contributions  of  ailane  coupling  agents  and  flexible  inner-layers  have 
beers  shown  to  be  mutually  complementary  in  achieving  high  tensile  properties. 
Future  Work 

Utilize  sequential  deposition  techniques  to  synthesize  mne  rlay  e  rs  of  res  in 
with  kwwn  &  ’.rue  lure.  Contr.  llmg  {he  surface  chemist  rv  will  allow  the  building 
of  known  st.ijctures  and  thickness. 

Cor  relax,  the  structure  and  properties  of  the  inner  l  .yet-  of  res  in  with 
performance  characteristics  of  the  -  r  composite*. 

Quant*  f\  the  c  ontr  ibuixon  of  resin  components  In  f  lie  pe  t-f  •-■rmanv-e  of  i-ompu- 
sites  through  siudu  with  continuous  glass  ‘ >  'n'.euts  th.if  sv  il  *  allow  c  uni  t  oiled 
ortentati  on  o!  t:hc  temi'-ii ement. 


ax**,  -riu  imaaM&teH 
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DYNAMIC  MECHANICAL  PROPERTIES  OF  SOME  POLYMERIC  ACID  ZINC 
SALTS  (J,  E.  Fields  and  L.  E.  Niels enf” 

Mechanical  properties  of  a  range  of  rigid  poly  electrolyte  type  polymers 
have  been  reported  .  Polyelectroiyies  such  as  the  metallic  salts  of  polymeric 
acids  were  shown  to  have  moduli  values  several  times  greater  than  those  of  tire 
common  thermoplastic  materials.  Since  preformed  saMs  of  such  polyacids  do 
not  measurably  soften  below  their  decomposition  temperatures,  specimens  were 
fabricated  by  in  situ  reaction  of  mixed  poiyacid  and  metal  oxide  powders  in  a 
mold  at  high  temperatures  (over  2C9*C)  and  high  pressure  (5-10,  000  psi)„  Such 
techniques  may  easily  lead  to  variable  property  results,  partly  due  to  non- 
niform  degree  of  reaction  as  molding  conditions  may  vary. 

In  this  work,  the  degree  of  reaction  was  followed  by  X-ray  techniques  so 
fh.it  the  composition  of  the  molded  specimens  could  be  estimated.  With  this 
information,  answers  were  obtained  to  such  questions  as:  (a)  how  dependent:  is 
modulus  upon  degree  of  reaction?  (b)  how  much  increase,  over  classical  filler 
is  obtained  by  P.uic  bonding  through  salt  formation?  and  (c)  vhat  is  the 
effect  of  excess  (over  theory)  metal  oxide  when  charged  as  additional  filler? 
Materials  and  Techniques 

The  pc' y electrolyte  oy stern  used  was  a  94/6  (by  weight)  copolymer  cf  acrylic 
acid  and  l -eth ylhexyi  acrylate,  a  product  of  Monsanto  Company,  designated  as 
PDR-  I  4.  The  polyacid  had  a  glass  transition  (Tg)  A  t  30*  C  with  the  onset  of 
decomposition  at  300*  C,  as  determined  bv  a  Perkin  Elmer  Differential  Scanning 
Calorimeter.  The  density  ->f  molded  specimens  of  PDR-t  4  (by  buoyancy)  was 
determined  as  1.3589.  Predried  PDR-  4  (110*0,  4e  h  ours,  vacuum)  with  a 
loss  on  drying  at  i  i  0*  G  of  0.  was  used  throughout. 


-no 


Various  zinc  FDR- 1 4  salts  were  prepared  in  situ  from  intimately  mixed 

-  | 

ry  powders  of  PDR--14  and  ZnO  by  positive  pressure  molding  techniques  . 

"lie  powders  were  mixed  in  a  Spex  "wiggle-bug"  for  ten  minutes  in  a  mt  tal 

aixing  jar.  Molding  c-  nd  it  ions,  varying  .from  200-300*C  and  from  5-10,  000 

si,  for  the  various  materials  are  given  in  Table  III,  Appendix,  Strip  specimens, 

.  377  by  4.  00  inches  with  thicknesses  varying  from  0,  020  to  0.  035  inches  were 

repared  for  dynamic  mechanical  testing. 

Dynamic  mechanical  properties,  shear  modulus,  damping,  and  glass  trans 

on  (Tg)  were  measured  on  a  recording  torsion  pendulum  .  The  Tg  was 

leasuced  as  the  maximum  in  the  mechanical  damping  peak  at  about  1  c/s.  The 

3 

leory  and  discussion  of  dynamic  mechanical  testing  is  presented  by  Nielsen  . 

The  extent  of  reaction  of  molded  specimens  was  determined  by  measuring 
ie  intensity  of  unreacted  zinc  oxide  crystal  peaks  in  X-ray  goniometer  tracings 
hich  were  standardized  by  mixed  but  unreacted  powders  of  known  composition, 
i  all  cases  the  p  •oportionality  between  the  (100)  (OOi)  (101)  lines  for  ZnO 
strained  constant  and  the  estimated  error  was  plus  or  minus  1%. 

Infrared  analyses  of  KBr  pellets  containing  samples  identical  with  those  used 
»r  X-ray  analysis  were  made  in  order  to  correlate  metal  oxide  disappearance 
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However ,  each  specie  will  have  its  own  influence  on  the  total  properties* 
whether  modulus,  damping,  or  Tg.  Thus,  di-salt  forms  (b)  and  (c)  will  con¬ 
tribute  more  to  stiffening  than  the.  half-salt  (a)  due  to  greater  restrictions  on 
rotation.  However,  the  ha H  -sail,  (a)  will  contribute  more,  unit  -wise,  than 
(b)  or  (r)  from  a  simple  filler  standpoint  because  of  its  higher  metal  content. 
From  a  bond  strength  standpoint,  the  [-O-Zn-O-3  ionic -type  bonds  of  the 
di-salt  (b)  or  (c)  are  considered  stronger  than  the  l-O-Zn-OHj  bonds  of  the 
half-salt  and,  again  would  contribute  more  to  s  iffness  due  to  a  smaller 
tendency  for  interchange  between  reaction  sites.  The  greater  interchange 
tendency  of  the  half-salt  (a)  would  result  in  lower  modulus  increases,  higher 
damping,  and  lower  Tg  levels.  In  a  partially  reacted  system  there  is  no  way 
of  knowing  which  specie  may  act  as  the  continuous  or  discontinuous  phase. 
However,  one  can  assume  that  any  unreacted  ZnO  will  act  as  filler  to  all  other 
species  in  relation  to  the  volume  fraction  of  that  phase  present. 

A  series  of  zinc  poiyac  rvlate  (PDR-14)  salts  were  prepared  using  from  Z5 
to  ZOO  percent  of  the  stoichiometric  amount  of  zinc  oxide  as  shown  in  Table  I 

together  with  the  determined  extent  of  reac  tion 
- and  the  mechanical  properties  of  the  molded 

'-v  Vr‘ '  'Vt”1,  m .  »  .  .•»-  7"'  -X 

'  7J~~  '  products.  Typical  dynamic  mechanical  results 

ate  illustrated  in  Figures  Z  and  1.  Infrared 
■  ■«  -  •-  ••  analyses  of  Kflr  pellets  containing  samples 


identical  with  those  used  for  X 


i  rial  vs  is 


were  made  for  samples  1  through  5  in  order  to 
correlate  met  a  I  oxide  Hi-,  uppea  ranee  with  carboxyl  iu  rbooy 1  disappea  r  atice. 

As  metal  reacted  oipproai  bed  100%  of  the  stoichiometric  theory  complete  dts*  • 
appea  raiu  e  of  the  1  artioxyl  ca  rboiivl  also  was  noted.  No  other  interpretation 
of  the  complex  speci  .  t  was  a  ?  t  e  in  i  <f  ei ! . 


VV  he  re  as  mo. -it  i'oninion  rigid  organu  ini'y.-iic  rs  r : 
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as  nu  >  re  a  net  more 


Figure  2  Dynamic  Mechanical  Figure  .3  Dy  ramie  Mechanical 

Properties  Properties 

(1)  PDR-14  Polyacid  (4)  1 00%  theory  ZnO,  94%  reacted 

(2)  100%  theory  ZnO,  ?4%  reacted  (5)  100%  theory  ZnO,  100%  reacted 

(2a)  25%  theory  ZnO,  1  i.  0%  reacted  (6)  150%  theory  ZnO,  86%  reacted 

(3)  50%  theory  ZnO,  100%  reacted  (?)  200%  theory  ZnO,  146%  reacted 

(5)  100%  theory  ZnO,  10 0%  reacted 

salt  was  incorporated  through  reaction  with  ZnO  a  steady  increase  in  the  modulus 
was  acted  as  expected  due  to  formation  of  strong  ionic-type  bonds.  Further,  the 
Tg  was  increased  with  greater  amounts  of  salt  formation  until  100%  of  theory 
salt  formation  was  reached  where  no  Tg  was  noted,  at  least  up  to  300*  C.  At  this 
point,  Sample  5,  both  ZnO  and  carboxyl  were  absent  by  analysis,  and  the  modulus 
of  6.  55  can  be  considered  as  the  modulus  of  the  di-salt  forma.  Whereas  over¬ 
theory  ZnO  additions  further  increased  the  25*  C  modulus,  the  Tg  appeared  So 
drop,  below  that  attained  by  adding  (and  reacting)  only  the  theoretical  amount, 


This 

e.ffe 

C  t 

° n  '•') 

i  will  b e  dial 

us  s  e< 

d  I  .ter. 

Fa  r 

V* 

*oci  iu'  t 

&  containing  i 

up  to 

!  00%  theory 

7  nO, 

in  com  pi  etc 

r  e  a  - 1 1  on  (Figur  e  2 

C  1 1  T  V 

e  2 ; 

F 

i  g  u  r  e 

! ,  curve  4)  1 

eads 

to  complex  p 

roduc  t 

rn  ix turns , 

c  n taint  ng  r e a c * ert 

xi  nc 

salts 

8  P 

\i  n  re  * 

ic  ted  pos  tiom 

s  of  j 

jolyacid,  and 

unrear 

•ted  ZnO  ac 

t.:  ig  as  x 'll e  r. 

S  i  $  c  h 

3.'  OVS' 

l  pt 

.ifi  t  t  5  Of 

sal  heterogen 

f  v  ?  y , 

evident  f roni 

the  #  ■' 

c:  op* 

ic sty,,  re  «u Fix  in 

high 

and 

b  a.' 

■  n 

i  ec  ham  c  a  i  d  a 

S'  i  s  ps.  o 

g  areas  and  , 

.  »w  e  r  ? 

-sodul.?  hi 

gh  tevrjpe ratu res. 

-1  13- 


The  sharp  discontinuities  observed  over  200*  C  are  not  characteristic  of  the 

polymer  but  are  probably  due  to  continuation  of  incomplete  reactions  of  half  - 

salt  forms,  polyaci  t,  and  unreacted  ZnO  as  suggested  by  Fitzgerald  and 
1 

Nielsen  .  Such  further  reaction  cannot  occur  until  the  Tg  of  the  system  is 
reached.  For  example,  with  Sample  2.  further  reaction  became  evident  at 
over  200°  C,  This  point  corresponds  to  the  Tg  (about  2  1  0*  C)  for  Sample  2a 
wherein  only  25%  theory  ZnO  was  added.  In  this  case  complete  reaction  of 
ZnO  precluded  further  reaction  and  the  product  contained  only  di-salt  and 
polyacid  species*  The  complete  modulus  and  damping  curve.'  ar  2a  resembled 
those  of  the  unreacted  poiyacid  (curve  1)  except  for  a  much  higher  25*  C  modulus 
and  a  displacement  of  the  curves  to  higher  temperatures  by  about  7  0~8  0°C. 
Complete  reaction  of  the  ZnO  (Figure  2,  curves  3,  5),  whether  at  the  50  or  100% 
theory  level,  leads  to  more  tightly  crosslinked  systems  through  cross-chain 
di-salt  formation.  These  products  yield  modulus  curves  which  are  relatively 
insensitive  to  high  temperatures  and  are  low  damping. 

The  modules  improvement  due  to  ionic -type  bonding  through  salt  formation 
relative  to  the  classic  filler  effect  was  calculated  assuming  no  reaction  of  the 
ZnO.  Results  are  given  in  Table  II  and  illustrated  in  Figure  4.  For  comparison, 


*»f  *«: «  *v  »  wco*  y  i 


Figure  -1  Relative  Shear  Modulus  at  25*  C, 

!•  v  h  ,  ( .  ,i  1  ■.  •  u  1  a  t  e  d  a  s  F  i  J  i  e  » • ..  I  4 J  T  h  ■  •  <; » ■  y 

for  Kf-rner,,  The -ary  for  Mr -one  y  .  The 
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the  reinforcing  action  of  spuerical  filler  particles  was  calculated  by  three 
4  5,6"  ? 

theories,  Kerner  ,  Guth-Smallwood  and  Mooney  .  These  relationships 
are  given  in  the  Appendix.  A  comprehensive  comparison  of  the  merits  of 

a 

these  and  other  theories  of  filler  action  is  given  by  Nielsen  .  Only  the  Kerner 
and  Mooney  comparisons  are  shown  since  at  the  ZnO  levels  employed,  below 
0.2  volume  fraction,  the  Guth -Smallwood  and  Mooney  relations  give  substan¬ 
tially  equivalent  results. 

A  substantial  improvement  ratio  (increase  in  modulus  found  over  that 
calculated  only  as  filler)  is  noted  in  all  cases  from  25  through  2  00%  theory 
7nO  added.  This  increase  in  modulus  due  to  ionic  bonding  vs.  filler  effect, 
was  found  to  be  60-80%  greater  as  calculated  b>  the  Kerner  relation  and  from 
40-60%  greater  as  calculated  by  either  the  Guth -Smallwood  or  Mooney  relations. 

The  modulus  curves  (Figure  3,  curves  6,  7)  for  added  excesses  over  theory 
of  ZnO  rHate  quite  well  with  the  degree  of  reaction  found,  Table  I.  Although 
the  25°  C  modulus  continues  to  increase,  the  results  at  higher  temperatures  are 
more  revealing.  With  150%  theory  charged  (curve  6)  the  product  analyzed  as 
86%  of  a  theory  reacted  with  a  remainder  of  64%  of  a  theory  ZnO  acting  as  filler. 
Thus,  curve  6  is  similar  in  shape  to  curve  4  in  Figure  3  obtained  for  94%  of  a 
theory  reacted  but  with  a  lower  level  of  unreacted  filler.  At  the  2  00%  theory  ZnO 
charged  level  a  lowering  of  the  improvement  ratio  is  noted  in  Table  II.  Analysis 
of  the  product  indicated  146%  theory  ZnO  tonsumed  with  54%  theory  remaining 
as  filler.  To  obtain  over-theory  reacted  '.im  one  must  introduce  a  new  salt 

P 

specie,  the  jiendent  half-salt  form,  -<  O-  /.n-OH.  As  n«,  at.oned  previously 
this  salt -form  may  be  expected  to  increase  the  nnducus  at  25*  C  somewhat,  hut 
to  have  a  definite  IV  at  e  leva;  d  temperatures  bat  ring  tu  r  the  :  react!  on.  Cu  rvc  7 
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pendent  and  0.  37  di-salts.  Thus  the  dominating  effect  on  mechanical  properties 
comes  from  the  pendent  half-salt,  which  would  not  be  expected  to  exhibit  high 
temperature  modulus  stability. 

One  can  estimate  a  modulus  (G  }  for  the  pendent  half-salt,  form  as  ?.  08  x  2  0SO 
dyne /cm2.  This  was  done  by  distributing  unreacted  ZnO,  on  a  volume  bests, 
between  the  half-  and  di-salt  species  and,  using  the  Mooney  relation  with  6.  55 
for  the  modulus  of  the  di-salt  specie,  calculating  a  modulus  for  the  filled  di-salt, 
specie.  Then,  using  the  rule  of  mixtures  and  the  modulus  found  for  Sample  7, 
one  can  obtain  a  modulus  for  the  filled  half-salt  specie.  From  this,  is  obtained, 
again  from  the  Mooney  relation.  G  ,  7.  08,  for  the  half-salt  specie  is  higher  than 
G}  found  (6.55)  lor  the  di-salt  because  of  its  higher  metal  content.  However,  the 
improvement  ratio  for  the  pure  half-salt-form  (over  theoretical  filler  action)  is 
lower  than  that  for  the  corresponding  di-salt  because  of  weaker  and  more  mobile 
salt  linkages.  At  a  volume  fraction  of  0.  <£09  7 nO,  equivalent  to  pure  half-salt, 
the  improvement  ratio  was  only  1.14  contrasted  with  the  higher  improvement 
ratio  of  1.56  found  for  the  di-salt  using  the  Mooney  relation.  This  smaller 
improvement  ratio  accounts  for  the  lower  trend  noted  for  relative  moduli  found 
for  Sample  7  where  major  amounts  of  pendent  half-salt  are  present. 

I'he  almost  identical  broad  and  high  damping  curves  for  Samples  6  and  7 
(Figure  i)  below  ,£00*  C,  again  indicating  compositional  heterogeneity,  suggest 
the  presence  of  pendent  half-salts  in  the  1  5  0%  theory  ZnO  sample.  The  same 

suggestion  also  applies  to  Samples  Z  and  4  where  less  than  complete  reaction  wa 

i 

observed.  I  he  short  stress  relaxation  times  reported  for  monovalent  sodium 
salt  of  similar  polyac  ids ,  com  pa  rev!  with  much  longer  stress  relaxation  times  f  r 
divalent  barium  salts,  may  likewise  be  evident  in  the  case  of  pendent  half  salt 
lorms  compared  with  more  heat  stable  di-salt  utrma, 

.Siunm.i  f  > 

In  the  in  ni!u  formation  of  polyacni  metal  salts  by  compress  ion  molding 
j’oiy.o.is't  a  ***i  u!v  t !  v  i  ••  I ••  powder  nnxau  uch  it  has  be*.'!:  shown  that  only  r  .nviri.  tv 
reaction  o'i  oxnle  will  lead  to  ten  *  pc  r >  i >  ■;  »•  nisi  ntotiv"*  high  ts.oriu.’M  tow  .Mire,  mg 
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products.  Incomplete  reaction,  for  whatever  cause  -  low  temperature,  low 
pressure,  poor  mold  venting,  or  excess  metal  oxide,  results  in  products 
which  are  high  damping  and  have  poor  modulus -temperature  characteristics. 

This  effect  may  ba  due  to  pendent  half-salts  of  the  form,  -cf-O-Zn-OH.  Such 
a  salt-form  must  be  assumed  to  be  pieces  t  where  over-theory  excesses  of  ZnO 
were  used  and  where  more  than  theory  zinc  was  found  to  be  reacted. 

The  increase  in  modulus  due  to  ionic  bonding,  from  whatever  salt  form  may 
be  present  over  that  expected  from  classical  filler  action  alone,  ranges  from 
40-80%  depending  upon  the  theory  chosen  to  calculate  filler  action.  Any  unreacted 
metal  oxide  appears  to  act  as  classical  filler  in  the  polyelectrolyte  salt  matrix. 

For  the  theoretical  di-salt  form,  modulus  values  of  6  to  7  times  those  for  normal 
organic  rigid  polymers  were  obtained, 
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The  Kerne r  relation  is: 
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For  calculations,  v,  of  the  polyacid  was  used  as  0,  35  and  that  for  any  salt- 
form  as  0.  30, 

5,  6 

The  Guth -Smallwood  relation'*  is: 


G  =  G,  (1  +2.5  i  +  14.  1  #2  ) 
o  a  .in 


The  Mooney  equation  (?)  is; 


G 

in  -2 


2.  5  * 

I? 

1  -  S  #" 


For  calculations,  the  packing  factor  S  was  taken  as  1.  4,  see  Reference  8. 

The  various  molding  conditions  for  the  reported  samples  are  summarized 
in  Table  III,  below: 
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PR QPERTIES  OF  STRONG  ACID  POLYACID  SAL.T5 :  I  HOSPHORY LA T ED 
POLYVINYL  ALCOHOL  AND  POLYSTYRENE  SULFONIC  ACID 
"  {J.'  E.  Fields  and  J.  R.‘  Ripleyf" 

The  dynamic  mechanical  properties  of  zinc  polyacrylate  aa  a  function  of 

1 

degree  of  salt  formation  has  been  reported  .  For  this  carboxy  polyacid,  the 
shear  modulus  increase  due  to  ionic  bonding  as  the  di-salt,  over  that  expected 
from  classical  filler  action,  ranged  from  4  0-80%  depending  upon  the  theory 
chosen  to  calculate  filler  action.  Only  complete  reaction  as  the  di-salt,  at 
300“  C  and  10,  000  psi  results  in  low  damping  products  with  "temperature 
insensitive"  high  modulus.  Excesses  of  metal  oxide  over  theory  were  shown 
to  lead  to  pendent  half-salt  forms  which  exhibit  high  damping  and  have  tempera¬ 
ture  sensitive  shear  moduli.  The  half-salt  gives  smaller  moduli  increases, 
over  filler  action,  and  unreacted  metal  oxide  appears  to  act  as  classical  filler 
in  an  intertangled  complex  polyelcctroiy te  salt  matrix.  The  di-salt  modulus 
was  6  -7  times  higher  than  moduli  for  normal  organi  rigid  polymers. 

In  this  work. in  situ  reaction  of  mixed  poly ao. id  and  metal  oxide  powders 
was  extended  to  polyacids  of  higher  acid  strength  than  polyacrylic  acid  to  date 
mine  the  effect  of  ionic  bond  strength  on  shear  modulus  increase.  Two  poly .tcicU 
were  examined  briefly,  (a)  polyvinylphosphoric  (P VP)  and  (;:>)  polys  ty  .  zt't  sui,  oi  i 
(HSPS).  The  comparative  acid  strengths  of  the  polyacid;,  were: 


P oiyvmyl ph os  ph o r i c 
P (.)  I  y  s  t y  r e  n t*  s  u  1  f on  i  c 
Polyac  rviir  (C'tX  )fl) 


pKa 

3.  5  0 

i.  31 

6,  15 


3.1  x  1  0 
-i.  7  x  .  0 


6.  4  x  10' 


-4 


All  tit  rated  as  monooasic  acids.  The  second  available  acid  group  of  P  VI'1  was  too 

...  0 

weak  to  give  an  endpoint  but  had  in  approximate  pKa  at  8.  00  or  a  K  ot  1  x  10  , 

At  b*“f.  >re  the  degree  of  reaction  (salt  formation)  was  followed  by  X-ray 
techniques  so  that  the  composition  of  molded  specimens  could  he  estimated  and  a 
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Materials  and  Techniques 

The  two  poly  vinyl  phos  phate  samples  reported  upon  herein  were  prepared 

by  phosphorylation  of  polyvinyl  alcohol  with  urea  and  phosphoric  acid  by  the 

l .  3 

method  of  Daul  and  Reid  .  A  total  of  27  preparations  were  made  to  identify 
reaction  parameters,  but  only  two  are  reported  upon.  For  62? 434,  low  mole¬ 
cular  weight  PVOH  (Elvanol  7  0-05)  (98.  5%  hydrolyzed)  was  used  and  lor 
627437,  high  molecular  weight  PV OK  (Elvanol  71  -24)  (98.  5%  hydrolyzed)  was 
used.  In  each  case  the  ratio  of  H}P04/  urea /PVOH  was  1:  1;  1  with  a  curing 
time  of  3  hours  at  1  l  0°  C  followed  by  20  min.  at  150"C  for  627434  and  30  min. 
at  150”  C  for  627437.  Products  were  isolated  by  solution  in  water,  digestion 
with  HC1,  dialysis  to  remove  urea  and  salts,  cation  exchanged  through 
Aroberlite  IR-120H,  and  vacuum  freeze  drying.  Product  analyses  were: 


Phosphoric  Groups  Ivtol.  Wt.  Per 


M.  W. 

%  P 

%  N 

Mole  % 

Phosphoric  Group 

627434 

L, 

1  .  25 

1.  00 

29.  0 

2  33 

627437 

H 

15.13 

0.  61 

35.  7 

2  05 

Modulus  vs.  temperature  data  for  molded  specimens  of  these  materials 
indicated  the  presence  of  water  in  spite  of  storage  in  a  desiccator  and  density 
(by  buoyant  y)  measurements  were  not  reproducible.  Therefore  densities  were 
calculated  for  627-134  as  1.46  and  for  627437  as  1.50  and  these  values  were  used 
in  subsequent  c;  1  dilations  relative  to  zinc  salt  compositions. 

The  :  mall  nitrogen  content  left  after  ion-exchange  may  either  repi  *sent 
approxim  ••  •  a  *;  NrF  salt  per  10  phosphate  units  or  1  carbamate  substituent 

per  1  0  phosphate  units  arising  from  the  decomposition  of  urea  at  i  50"  C. 

Free  USES  was  prepared  from  crude  ammonium  salt  having  about  one  SO, / 
a  ty  r  cne  with  a  base  molecular  weight  of  polystyrene  of  60,  000.  This  was  .repeatedly 


digested  with  Hid.  dialysed,  and  ion -exchanged  wi.h  Amherlite  IR 

'' - . i  i'Ui n  i  r  1  c  /. e  ■  i :  .t e u.„  m  y  ana  1  y  sis,  ,S  —  1  H ,  ;  . .  .  IN  ■  i. ,  c  ,  ,  c  - 
4.9  0%  .  They  e  analyses  rail,  ulatr  as  •  h  '  SO,  H  groups  pet-  styrene 


-12  OH  and  then 
HO.  9  0%.  H  = 
with,  i  out  of  5 


-  !  i  0  - 


remaining  as  the  ammonimn  salt.  Attempted  moldings,  reported  herein,  were 

made  on  this  material.  A  sample  of  free  acid  (no  salt)  was  prepared  by  aulfona- 

tion  of  polystyrene  with  SO^ -dichlorodiethyl  ether  complex  following  a  procedure 
4 

of  Baer  but  no  moldings  have  as  yet  been  attempted. 

Various  salts  of  the  polyacids  were  prepared,  as  before,  by  in  situ  positive 
pressure  molding  techniques  on  intimately  mixed  dry  (?)  powders  of  polyacid 
and  metal  oxide.  The  powders  were  mixed  in  a  Spex  "wiggle-bug"  for  10  minutes 
in  a  metal  mixing  jar.  Molding  conditions  for  the  FVP-metal  oxides  were  100- 
150*C  at  5-10,  000  psi  due  to  low  decomposition  points  "or  the  PVP  samples 
(approximately  180“  C).  The  polystyrene  sulfonic  acid  was  molded  ai  3 0 0 - 3 2 5 0  C 
at  1  0-15,  000  psi.  Strip  specimens ,  0.  37?  by  4.  00  inches  with  thickness  ”>3  vary¬ 
ing  from  0,  020  to  0.  035  inches  were  prepared  for  dynamic  mechanical  testing. 

The  dynamic  mechanical  properties  -  shear  modulus,  and  damping,  were  measured 
on  a  recording  torsion  pendulum.  True  glass  transitic  <s  (Tg)  were  not  measured 
since  damping  peaks  and  modulus  fluctuations  appeared  to  reflect  water  removal 
or  interaction  of  various  salt  species. 

The  extent  of  reaction  in  molded  specimens  was  determined  by  measuring 
the  intensity  of  unreacted  metal  oxide  cyrstal  peaks  in  X-ray  goniometer  tracings 
which  were  standardized  by  mixed  but  unreacted  powders  of  known  composition. 

For  ZnO  the  proportionality  between  the  (f  OO)  (1  01)  lines  remained  constant  and 
were  used  to  estimate  intensity.  the  estimated  error  was  plus  or  minus  2%. 
Results  and  Discussion 

Due  to  the  di-ac.id  c  haracte  r  of  the  phosphoric  acid  group  and  to  the  possibility 
of  chelated  structures  with  residual  hydroxyl  (from  FVOH)  groups,  the  possible 
number  of  species  existing  in  the  PVP  calf -form  system  is  greater  than  in  the 
corresponding  as  ryiic  system.  This  is  schematically  indicated  in  Figure  1, 

These  salt  forms  are  m  add*  lion  to  un  reacted  polyacid  and  metal  oxide.  A  system 
containing  these  species  exists  as  an  intertangled  network  of  the  species  present 
and  not  as  a  rmxln  r*»  of  the  i-a  ruim';  species.  Howeve  r  e.u  h  s  ore  ie  will  have  it- 
own  influence  upon  the  total  properties ,  modulus,  dumping,  Tg,  etc.  Thun 
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c  1*0*16?  -chain  or  large -loop  salt  forms 
w  .ll  contribute,  more  to  stiffening  than 
in-chain  sa.:  forme  due  to  greater 
restrictions  on  rotation.  From  a  simple 
filler  viewpoint  di-salt  forms  will  con¬ 
tribute  more9  unit-wise,  than  half¬ 
salts  because  of  higher  metal  content 
per  unit.  From  a  bond-strength 
standpoint  di-salts  should  interchange 
less  readily  than  half-salts.  However, 
due  to  the  different  acid  strengths  of 


the  P'  ~  group  mere  may  be  a  considerable  tendency  to  interchange  at  elevated 
OH 

temperatures  thus  resulting  in  lower  modulus,  higher  damping  and  lower  Tg  levels. 

In  a  partially  reacted  system  there  is  no  way  of  knowing  which  specie  may  act 
as  the  continuous  or  discontinuous  phase.  Nevertheless,  one  can  assume  that  any 
unreacted  metal  oxide  will  act  as  filler  to  all  other  species  in  relation  to  the 
volume  fraction  of  that  phase  present.  Because  of  the  complexity  of  the  situation, 
reacted  rnetal  oxide  has  been  considered  as  di-salt  (in  accordance  with  the  general 
equation  in  Appendix  I)  for  purposes  of  modulus  calculations, 

A  series  of  ZnO  and  PbO  in  situ  molded  PVP  products  were  prepared  using 
100  and  200%  of  the  stoichiometric  metal  oxide  theory  as  indicated  in  Table  I. 
ihe  extent  of  reaction  by  X-ray,  where  obtained, 
the  molding  conditions,  and  the  shear  modulus 
found  at.  25°  C,  are  also  given. 

Relative  modulus  values  are  plotted 
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the  theoretical  re  i  more  mg  action  of  s  phe  rural 
filler  particles  .is  calculated  by  three  theories: 

i'\e  »  He  i  ,  i.iuth  -Smallwood,  and  M>>one  v>  using 
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Uiolerula  f  weight  I'VP,  Figure  1,  the  '  •*'  "  . 

.i  in  j  >  r  uv  e  1 1 1  e  11 1  diii*  to  ionic  bonding  over  filler 
action  was  f.S  -8Z%  for  0  0%  theory  /,nO 

moldings  at  1  00  At  150°(.  molding  or  tor  .’.00%  theory  /.nO  the  improvement 

droppeil  to  Z.5-47%.  For  tin-  high  molecular  weight  I’Vl’,  Figure  4,  at  1  C0% 
theo.iy  /,  n( ),  the  improvement  over  filler  action  ranged  from  40-70%  regardless 
of  molding  temperature  with  ISO0  lining  better  than  1  00°  C.  Pressure,  5-10,000 
psi  variation,  gave  only  minor  differences  in  modulus.  Again,  for  <>00%  theory 
ZnO,  modulus  was  lower  and  would  appear  to  he  determined  by  filler  action. 
However,  about  / /  %  of  a  theory  Z.nO  was  found  reacted  (by  X-ray)  so  that  one 
must  <  o:u  ludc  that  excess  /nO  l.ivornl  in-chain  half  salts  which  tire  free  to  rotate 
and  thus  do  not  greatly  improve  modulus. 

vVlien  it  is  rea  1  i/.ed  that  the  PV1’  was  only  Z9-:>6  mole  %  converted  to  the 
phosphate  and  that  the  phosphate  was  only  40-75%  converted  to  the  salt  it  becomes 
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idea  of  the  possible  •  tie  1  of  arid  strength  variation  upon  modulus. 

Modulus  1  it.  ul  it  mils  Im  !lie  completely  converted  phosphate  ill  -salt  (at  the 
i5.  7  phospli.it'  level)  we  r.  made  a  >  desi  rihed  in  Appendix  I  and  arc  summa  r  i/.ed 
• 11  1  . 1 1 )  I  '■  III.  Ihe  results  indicate  that  t  li  e  product  species  distribution  is  different 
depending  up-  the  molding  <  onditions  and  that  higher  pressures  and  temperatures 
at  (  ,(’  I  'v  e  lev  ,  I  -In  'lulus  spec  1  e s  distributions.  This  probably  refle<  t»  the  greater 
vuriet\  of  specie,  available  doe  to  di  -ar  id  1  haracte  r  of  the  phosphate  and  increased 

rnpe  ratu  re. 
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CAl.rilI.ATKI>  MODll  I  .IIS  OF  (  :OM  1 1 1  ,  KT  K  1 1 V  1 1  DI-SAI.T 
(PVP  -  39.7%  1  ’hos pn.ite)  (100%  Theory  Xi.O) 


Molding  Clyde) 

100/9/  9 

1  00/9/  1  9 

1 00/9/1 9 

0  C/ Kps  i  / min. 

1  ()()/  1  0/1  9 

190/9/19 

Shear  Modulus  Calc. 

9.  id 

Z  1 

7.  0-1 

dynes;  / cm"  x  1  0U> 

A  c;  om  pa  r  is  on  of  the  PV1'  7,n  .salt  system  with  the  poly  ac  ryl  it:  (l’DR-l-l)  /n 
salt  system  was  made  on  the  basis  of  calculated  modulus  obtainable  vs.  an 
organic /metal  weight  ratio  in  order  to  further  observe  the  possible  effect  ol 
acid  strength  (ionic  bond  strength'.  This  is  shown  in  Table  IV.  The  data  indicate 

that  even  at  an  organic//.!)  ratio  9  0%  higher  for 
.  _  ...  FV1J  ilian  for  the  carhoxylate  and  for  PVP  only 


55.7%  j>hos  phory  lated,  moduli  are  obtained 
which  arc  substantially  higher  than  for  the 
ool  yea  rhoxy  acid.  This  appears  to  reflect  the 
increased  ionic  character  of  the  salt,  bonds  due 
to  higher  acid  strengths  of  the  PVP  polyacid. 


Dynamic  modulus  and  damping  vs. 
Figure  9  representative  of  the 
PVP  (6Z7P37)  (IS.  7%  phosphate) 
plus  /nO  system  on  which  X-ray 
data  were  obtained  (sc-e  Table  I). 

The  banded  area  contains  the  tour 
c  urves  (,,  7,  H,  9  for  1  !)0%  theory 
/.nO  at  either  100°  or  190°  CD  and 
b  or  1  0,  000  psi.  The  shapes  are 
equivalent  and  the  broad  damping 


temperature  curves  are  illustrated  in 


'  -ur, 
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character  is  evidence  lnr  specie  mint.ircs  ami  water  wh  ich  appeared  to  foam 
mil  at  about  I  10“  ( Tin*  discontinuity  .it  I  10"  proh.ibi  y  represents  stiflemng 
due  to  limn  of  walr  f  or  «])Ci'ir  re. lotion  or  both. 

(iiirvm  10  .nul  II  an*  for  .100%  thoory  /,nO  ami  are  di (l<*  rent,  in  shape  from 
tin*  100%  /,  nO  nii'vr.s,  FI.  liter  modulus  vs.  t  ernpe  ra  tu  re  in  not  nil  through  )i  0° 
but  the  loss  abovr  I  10°  is  inorr  rapid.  Again  the  d  i  s  c  ont ;  nui  I  y  oo'urn  lii*tv,cn) 

I 0- I  -1  0°  .  Samples  healed  above  ISO*  exhibited  severe  decomposition,  swelling, 
and  irregular  behavior  both  with  modulus  and  d. imping. 

Curves  (A)  for  the  bast;  IV!1  polyacid  indicates  the  presence  of  subs  tanl  ial 
amounts  of  water  which  seems  to  lie  driven  off  in  two  steps  at  about  S5"  and 
9  0°  C. 

Moldings  of  PVP-/.nO  were  immersed  m  boiling  water  for  iO-lb  minutes 
without  evidence  of  swelling  or  softening.  No  quantitati  ve  studies  were  ma.de. 
However,  this  observation  should  be  qualitatively  compared  with  /'.n  polystyrene 
sulfonate  (see  below). 

Positiv*  press a  re  moldings  were  attempted  with  mixed  powders  of  I  IS  5  1  .S 
(containing  about  Z  0%  of  the  groups  as  IN  1 1 4  salt)  ami  various  oxides  including 
Zn(),  PbO,  Hat),  and  Cat)  at  I  00%  theory  level.  No  reaction  or  fusion  of  any 
powder  was  noted  at  £()(.)•  C  and  10,  000  psi.  With  Hat)  and  Cat)  only  partial  (less 
than  I  0%  fusion)  was  obtaine  I  at  i  00®  C  anil  i  0,  000  psi.  However,  with  ZnO  at 
3  00-- 3Z  S"  C  and  1  0-1  S ,  t)  0  0  psi  (pressure  applied  at  room  temperature  and  held 
throughout  heating  time)  complete  fusion  was  obta  ned,  yielding  a  very  brittle 
light  amber  and  almost  transparent  spei  linen.  T’.ae  extreme  tirittle  charac  ter 
jirevented  obtaining  samples  tor  torsion  pendulum  im  ting. 

X-ray  analysis  of  the  product  showed  complete  absence  of  un  reacted  ZnO, 

A  halt  inch  piece  of  this  Z  n  salt  was  boiled  in  water  for  10-  .IS  minutes  with 
resultant  swelling  to  L  S  -  S  0  I  lines  tie*  original  volume.  The  swollen  "Silob". 
dried  in  air  over  night,  returned  to  its  original  dimensions  and  hardness. 
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Cone  lus  inri.H  and  Ki'iM>nmirmlat  ion.M  for  Future  W*-rk 
I.  ) .-’hos  pho  ryl.i  ted  l’VOII  I  ’ « >  1  yac  ids 

Plus  Points 

1.  Strung  acid  results  in  higher  modulus  met.,!  .salts  line  to 

s  i  rouge  r  ionic  bonding  as  compared  with  polyca  rboxy  acids 
(PDR-l-J)  even  at  phosphory lation  levels  of  on  y  1 S  mole  % 
and  organic  to  /.n  ratios  b  0%  higher  than  in  the  rarbnxy  .series, 

Z.  For  1()0%  phosphorylation  one  might  estimate  modulus  values 
approaching  .1  times  that  for  carl  oxy  salts, 

3,  Salts  may  be  water  insensitive  if  complete  reaction  was  obtained. 
Negative  Points 

1.  Complete  phosphorylation  of  PV<>ff  is  very  difficult  and  would 
require  eons  ide  t  able  study. 

Z.  P VP  polyaeids  are  extremely  hygrosi  opic. 

3.  PVP  poly, i<  id  salts  art'  not  he  it  stable.  Dee  om  po.-j  ition  of  the 
C-O-J*  bond  seas  in  above  1  r?  (»•  C. 

•i .  Dibasic  .'bar, li  ter  of  l’Vl’  polyaeids  leads  to  a  large  variety  of 
salt  species  whieh  may  have  a  greater  tendency  to  interchange 
at  highe**  temperatures  if  incompletely  reacted. 

Rec or nn •  enda t  ions 

1.  F  ii  .her  work,  it  any,  on  phosphorus  acids  should  lie  done  on 

pol  yv  i  ny  lpho.s  phonic  acid  with  a  me, re  stable  C-P  bond.  Untort  - 
unately,  it  is  difficult  to  prepare  high  molecular  weight,  polymers 
of  this  type, 
tl.  Polystyrene  Sulfonic  Acid 
Plus  Points 

1.  .'-alts  and  ,u  id  have  high  he  it  stability. 

Z.  Salts  may  he  pro  pa  ,  >n  situ,  by  molding  certain  metal  oxides 

and  poly. ii  id  rnixri  powders. 

i.  Vliidulus  values  of  salts  can  he  expet  led  to  he  much  higher  than 
t  ethoxy  ,n  id  salts  due  to  stronger-  mini  bonding  resulting  from 
h  .  gh e  i  acid  ‘it  km g to. 


I 


•1.  Monobasic  lii.ii.i.'u'  r  .1  (I  c  |  ml  y  ,i  c  ill  would  lead  to  fewer  suit 
;i])i  ie.S  will)  liiphrr  j.  1 a 1  >i  1  i  t  y  . 

N  e  pa  live  1  ’oi  ul  s 

I.  HS  1\S  is  e  -J  i, "ini'  I  v  hyp  i  os  copic  ,  ,i  t>s  o  r  I  >  i  np  about  1  mole  11,0 

per  SO,!!  (hi  ul)0"i  i  ()“/a  wt.)  in  I  minutes  at  room  t  cm  pc  rat  u  re. 

.  /.  tiSl’S  is  rxl  re  ■ )  i  r  1  y  w.ilrr  sensitive.  In  f,ut,  Haur  reports 

only  the  A1  or  Ha  salts  to  hi-  w.itcr  insoluble  (no  quantitative 
'(•da).  i'l  issi'iil  studies  roof:  rm  this  on  a  wide  variety  of  salts. 

Recommend. d  ions 

1.  Further  work  is  indicated  usinp  Nil/  free  HSl-’S  (on  hand)  with 
aluminum  salts  to  form  j>ossih!e  water  insoluble  p.rodut  Is. 

e .  -Since  vinyl  sulfonic  acid  can  he  prepared  and  polyme  nzed,  such 
polyacids  should  bn  studied. 

1.  Sulfonulion  of  1  ’  V  ( hi  {  to  form  pol  y  v  i  ny  I s u  1  fa t  e  types  should  ho* 
studied,  however,  dreompos  ition  prolilcms  may  parallel  those 
of  j’Vl'  above  and  completeness  of  reaction  will  again  he  difficult. 
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Based  on  X-ray  analysis  the  ju  odm  I  imxtnrr  from  I  mule  of  DVD  is 
<  niifi  n|c  !•■'(!  to  contii'd  o  i  0,  X  moles  nisi  it  (H),  I  (V  X  t.inlcs  unreartrd  DVD  (A), 

!  -  0.  X  moles  nnre.u.teil  McO  .is  filler  and  0.  X  moles  water.  The  nnrea:  led  Met) 
filler  and  water  of  re.u  tinri  were  dts  (  rilsv.trd  between  A  and  11  in  proportion  to 
their  respective  volume  fractions,  ♦  A  and  ♦  P.  These  volume  fractions  were 
calculated  from  X-ray  analysis  and  from  calculated  densities  tor  (tie  appropriate 
phon nhorvlat  ed  products. 


i  ’  V  1  ‘  T‘  re  pa  ration 

Mol.  Wt.  PVOli 

Mol»'  %  i  ’ho.:  pho  r  y  la  lion 

Mol.  W  t.  p>  ■  r  D  atom 

Calc.  Density  DVD 

Mol.  Wt.  Di-Zinc  .Salt 

Calc.  Density  Di-Zine  Salt 

The  MeO  used  was  ei  her  ZnO  (d  =  5.  *47  ,  rn. 


6/7  4  M 

6/7-137 

1  .aw 

1 1  i  pli 

Z9.  0 

3  9.  7 

z  3  i 

Z  09 

1  .  d  6 

1.50 

.■19  6.  -1 

Z  68.  <1 

1.90 

Z.  01 

wt,  =  8  1 .  '1 )  o  r  DbO  (d  •-  9.  0,  m.  wt 


ZZ  1. 


Since  no  product  with  100%  reaction  was  achieved  the  objective  of  the  calcula¬ 
tions  was  to  calculate  a  modulus  ol  the  roniplrte  metal  salt  from  a  knowledge  of 
the  product  mixture  composition.  Tr. e  reaction  and  calculation  steps  for  ZnO 
inamie: 

I.  DVD  ,  ZnO  -  DVD  t  DVD/  n  t  ZnO  f  il,0 

(A)  (H)  (filler) 

/,  Add  ltd  >  back  into  (A)  and  (B)  in  relation  to  and  $B  where  $  A  f  $1',  -  !. 

s.  Add  ,'nO  tiller  (f)  into  (A)  and  in  relation  to  $A  .and  $  B  to  obtain  filled 

■  peril's  tA  and  tit  ulmre  $  t  A  t  tlB  -  D 
(  in  a  volume  basis  (v  -  volume): 


l  '  r od i a  Is 


S  a  m  ;  d  *  ■  f 


i  V  s  1 1 ■ Ill 
1 


1 

vt 

.  i 

il 

■TA 


ivstem  Z 


and  a  A  a  a  lt  -  1 


\  t  f  \  v  1  • !  a  1  System  (  i 


I‘l ! <•  r  el  D  re  in: 


I  .'.0  - 


S  V  S  1  e  Ill 

1  -  v  A  g 

vf 

a 

v  t  A 

a  nd 

$  A  g  $  f  1 

.1 

S  \'S  1 1  •  1 1 1 

d  -  vl!  g 

v  f 

Ii 

v  f  13 

,i  nd 

$13  g  $  f  I 

b 

S  v  s  1  e  n  i 

3  •  v  f  A 

i  vin 

-  v’l'S 

a  nd 

ftf'A  f  -  1 

cm  1  : 

Knowing  ( 

i  .  $  A 
A 

and  $f  , 
.1 

calculate  the  modulus 

f  (  j  r 

the 

A  system 

(G  )  1 
v  (A 

» y  t }  i  <  •  M 

y  equation. 

cm  5: 

From  !hi‘ 

calculated  ( ] 

i*  A 

a nd 

knowing  $fA,  $fB, 

and 

G 

'r 

(dele  rni  ined  l)y  e :x  )><•  violent),  ra  I  ni  l.il  <•  the  modulus  lor  the 
tilled  B  svstcrr:  hy  cillier  the  law  of  mixtures: 


<-TS  -  (*iA)(c.fA)  f  (^B)(rVp) 


f  A 


OV 


or  by  the  lojiy-forni  Krrncr  equation  where  it  is  assumed  that 
the  i'  ross -  rhair  di-salt  H  is  the  continuous  phase  with  a 
Poisson's  ratio  of  0.  3.  The  modulus  calculated  by  Kerne r 
results  in  .answers  5-1  S%  higher  than  by  the  law  of  mixtures 
probably  due  to  specie  interaction  since  System  3  is  not  a  true 
tm  xt  u  re  of  s  pec  i  e  s  . 


Fo  r  S  ys  t  eni  d : 


From  the  calculated  (.  i  (by  Keener)  and  knowing  $13  and  $f^  , 


calculate  (tie  modulus  of  the  metal  phosphate  a<i  di-salt  (G  ) 
hy  the  Mooney  rei.iiiun. 

The  ealculated  values  so  derived  for  three  molding;  cycles  used  with  PVT’ 
(6d7  Iff)  plus  1(1(1')!'  theory  /.n()  are  given  lielo  v, 


M  i  >1  d i  ng  (iyele: 

“(./Kpsi/miii. 


1  00/ h/  1  ■> 


1  00/ S  /  1  S 
1  00/  !  ()/  1  h 


100/5/15 
15  0/5/1  5 


/  n(  )  reac  led,  wt.  i,  mole 
r  A  (  P  V  i  '  unreal  ted) 

$!’>  (PVT  /  n  Sa  it) 


4  1.1 
0.  S  8  0 
0.  1  !  1 


4  1.0 
0.  T.l 
0.  4  30 


7  7.3 
0.  dd7 
0.  7  7  3 


In  . \  -  r  1 1  1  : 

<  .  .  (I  VP  :  i  nun  i )  (  \  I  01  d  /  »  m'  ) 
:  As  *  ;  i  a  i 
i  i 

(  :  (■  all  .  Ill  M  '  me  \  I 

I  A 


3.  1 

.  '»  TT 

.  0r<  7  r> 

3  .  I'.’ 


3.  1 

.  '»  4  1  H 

,  U :  >  0 . . 
3  .  f  (’ 


3  ,  1 

.  077  i, 
.  Odd 4 
3.  dH 


-MO- 


Molding  l  !  y  e  1  e : 

°  C  /  Kps  i  /  m  in. 

1  (!()/  6  /  1  6 

1  0  0/ 6/  1  6 

1  00/ I 0/ 1 6 

1  0  0/6/1 
16  0/6/1 

In  System  3:  (lly  Kerne  r) 

(  (found) 

6.  OH 

6 .  67 

6.  Z4 

( ij'A  (calc,  above) 

3.  6Z 

3.  6  0 

3.  dH 

4fA 

.  60 

.66 

.  Z 

t  f  M 

.  4  1 

.  40 

.  7  7 

f  ;f  (calc,  by  Kerner) 

1  0.  0  4 

9.63 

7 .  4  6 

1  n  Sys  tem  Z : 

C  * p (calc,  above) 

1  0.  0  4 

9 .  5  3 

7.46 

$rs  +  n2o 

.  9  4Z  4 

.  946] 

.  9776 

$f, 

b 

.  067  6 

.  0640 

.  0ZZ4 

C,  (PVP  Zn  Salt) 

9 .  3  6 

H.  Z  1 

7.  04 

Simiiar  calculations  wc  re  not  in  ado  on  the  6Z7437  system  plus  Z00%  theory 
ZnO  since  the  modulus  increase  was  similar  to  that  required  by  filler  action 
(see  Figure  4).  However,  X-ray  analysis  indicated  about  76-77%  of  a  theory  ZnO 
reacted,  and  the  excess  ZnO  thus  appeared  to  promote  formation  of  only  in-chain 
type  half-salts  which  would  not  increase  modulus  because  of  rotational  freedom. 
Further,  such  calculations  were  not  made  on  the  low  molecular  weight  PVP 
(6Z7434)  system  due  to  tin-  absence  of  X-ray  data. 

PRO!  FR  if  MS  OF  Z  INC  POP  YACR  Y  FA  TF  AND  ITS  COMPOSITES 

(F.  F.  Nielsen  and  P.  M.  Hemrnerly) 

Work  has  continued  on  measuring  the  mechanical  properties  of  zinc  poly¬ 
acrylate  and  composites  made  by  using  this  polyele<  f  roly  te  as  the  matrix  material. 
The  matrix  material  gave  compressive  strengths  of  of,  000  psi  (maximum)  and 
47,  000  psi  (av  *•  rage).  A  composite  *  ontaining  10  volume  percent  iron  flake  gave 
a  compressive  strength  of  If,  000  jis  l  while  one  (  ontnining  ,10  vuluinc  percent 
aluminum  flake  gave  a  Strength  of  <10.  600  psi.  Iks  ause  these  u  e  re  ti  "st  attempts 
and  hei  ause  too  small  <i  number  of  samples  were  mailt'  to  get  good  statistical 
aver.iges,  it  is  believed  that 
m  et  .1 1  -  f  i  !  i  e  i  i  i  i  mi  p<  >s  !  1 1' s  . 


i  onside  r.ildy  higher  values  are  at  hie  title  with  the 


i  n  - 


Typical  shear  modulus  data  are: 


Vol.  % 


Ma  te  ria  1 

Loading 

Z  8  °  C 

-  W'V 

3  00°  C 

'/.n  Polyacrylate  (ZP) 

9  5  0,  000 

5Z0,  000 

ZP  t-  A1  powder 

4  0 

1  ,  37  0,  000 

87  0,  0  00 

ZP  p  Iron  flake 

4  0 

1  ,  18  0,  0  0  0 

87  0,  000 

ZP  f  Cu  powder 

Z  a 

1  ,  Z?  0,  000 

87  0,  000 

ZP  -|.  /. n  powder 

zo 

9Z0,  000 

580,  000 

ZP  +  boron  fibers  1/8" 
(randomly  oriented) 

zo 

1  53  0,  000 

1,  530,  000 

Thc  rnor<‘  rally  measured  Young's  modulus  should  be  about  Z.  7  times 

as  K‘'eat  as  Lllose  values  for  shear  moduli.  The  value  for  the  composite  filled 
with  randomly  oriented  boron  fibers  is  slightly  less  than  the  value  predicted  by 
the  theory  ot  Nielsen  and  Chen.  It  is  also  worth  noting  that  the  modulus  values 
f  )i  tn<  mi  t.il  powder  filled  composites  are  less  than  what  might  be  expected  from 
some  theories.  This  is  because  the  modulus  of  the  matrix  is  so  high  itself  that 
it  is  beginning  to  approach  the  modulus  of  the  fillers. 

Attempts  have  been  made  to  measure  tensile  strengths,  but  the  present 
equipment  is  not  adequate  for  such  tests  on  brittle  specimens.  The  y.inc  poiy- 
\  la  t  e  mail  i  \  material  appears  to  have  a  tensile  strength  of  about  1  (),  000  psi 
or  higher.  Metal  powder  filled  composites  have  experimental  values  of  3S00  to 

boot)  pt-i,  but  these  values  are  believed  to  actually  be  much  too  low  for  the  tensile 
s t  rength. 

Coe  I  ( ic  lents  of  thermal  expansion  ire  very  small  for  polyelec  t  roly  tes  compared 
to  normal  polymers;  in  tact  the  values  are  in  the  same  range  as  corm  on  metals. 

1  he  following  table  gives  data  on  j  >ol  y  el  e  t  f  r .  .1  y  t  e  s  and  on  polystyrene: 
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Mate 

r*  i.i  1 
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FRACTUKK  T<  MM  blNK.SS  OK  Cl  ,ASS  FfFFKF  FOFYl  HFNYFFN  K  PXIPK 
COM1  OS  I  T  KS  (A.  Wumbac  h,  K.  T  rai:  hte  and  A.  I)i  Benedet  to) 

In  (ho  design  of  any  load  hearing  structure,  the  choice  of  tho  inatoria!  must 
bo  influenced  by  its  ability  to  resist  frac ture.  I'ho  ability  to  resist  fracture  can 
be  measu'-'d  by  a  property  called  fracture  toughness.  It  is  related  to  the  energy 
required  for  a  crack  to  propagate  through  a  material. 

Fracture  toughness  testing  permits  an  evaluation  of  the  stress  level  or  strain 
nergy  required  to  cause  fracture.  The  fracture  toughness  depends  on  the  adhe¬ 
sion  between  the  matrix  and  the  reinforcing  phase,  the  degrees  of  dispersion  ot 
the  reinforcement,  and  tho  properties  of  the  constituent  phases.  The  sensitivity 
of  fracture  toughness  to  subtle  change's  in  structure  gives  it  value  as  a  measure 
of  the  performance  and  efficiency  of  a  composite. 

in  ties  <ludy,  the  fiacture  toughness  has  been  determined  using  double  edge- 
notched  ten  .ili*  specimens.  Ail  fracture  stirfai  es  have  boon  carefully  examined 
by  is  ing  optical,  electron  scanning  and  e!o<  »  i  on  mic  roscopy.  Standard  micro 
tensile  t «  :  -  (  -  have  also  been  use,’  >i  order  to  det**  nni.ie  tensile  modulus  and 
yield  st  r  e  1 1 .  I  h . 

I  ’  re  1 1 1 1 1 1  in  rv  data  ot  polyphenylene  oxide  (FI  ( t )  filled  \v  1 1  h  untreated  glass 
beads  at  volume  )  r.id  urns  of.  (',S,  .  It),  and  .IS  indicate  an  increase  in  fracture 
ton  gh  ness  v  1 1 1 1  tiller  corn  eni  rat  i««n.  It  y  treating  the  heads  with  A  -  1  1  0  0  s  ;  lane  at 
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I  I', 11  hull  •.)!  glass  In-ail;.  bavin;;  tin  a, 11, i-:.  |nn  In  till  J  >•  >1  y  n  ••  r  ,  till-  1-  111-  vgy  1C1MII  red 
tu  propagate  a  ir.uk  inr  i'i-.i.si-m;  1  >  y  adding  .it;  i- 1  fee  1 1  ve  coupling  agent,  these 
energy  requi  cement  s  ilroj'.  l-'rac 1  og  rupli  i  c  evidence  of  improved  adhesion  l  s 
shown  1  o  i-  (hi-  lu-atl.s  treated  with  A  - 1  1(H)  silane  coupling  agent.  A  tentative 
mechanism  for  crark  j)  ropaga  t  i  on  is  postulated  trum  tin-  existing  evidence. 

'1’he  ory 

Consider  an  unstressed  sheet  with  a  crack  at  one  edge.  As  a  stress  is 

applied  perpendicular  to  the  axis  of  the  crack,  the  two  surfaces  of  the  crack 

separate.  Stress  immediately  concentrates  around  the  tip  of  the  crack,  causing 

the  strain  in  this  region  to  become  very  large.  Very  little  average  stress  is 

required  to  cause  plastic  flow  in  the  region  very  near  the  crack  tip.  As  this 

strain  increases,  the  sharp  tip  becomes  relatively  blunt.  At  a  critical  value  of 

strain,  the  material  finds  it  less  difficult  to  fracture  than  to  deform  further. 

...  1  Z 

(Griffith  and  Orowan  have  discussed  this  concept  from  an  energetic  point  of 
view.  It  is  postulated  that  a  crack  will  propagate  when  the  I  -crease  in  elastic 
strain  energy  is  at  least  equal  to  the  energy  required  to  create  a  new  crack 
surface.  The  release  of  elastic  strain  energy  is  the  only  source  of  energy  to  the 
fracture  process  zone.  This  implies  that  all  fracture  energy  (i.  e.  ,  the  plastic 
work,  crazing,  generation  of  heat,  and  creation  of  new  surfaces)  must  be  obtained 
from  release  of  elastic  strain  energy. 

Griffith  and  Orowan  use  Inglis  ’  elastic  analysis  in  order  to  calculate  the 
elastic  strain  energy  around  an  included  crack.  The  Griffith  criterion  for  crack 
instability  is  that  the  net  energy  change  in  the  solid  is  negative  as  the  crack  length 
increases  (i.  e.  dF/da  <  0). 

For  a  continuous  sheet  with  an  included  crack,  subjected  to  a  uniform, 

L 

uniaxial  stress,  the  critical  gross  stress  for  plane  strain  is  : 

,  o  F  Y  l/z 

"o  ~  T1  ,i  (  |  -  V*1) 

"  here  Y  IS  the  total  energy  required  to  create  !  (  m'  of  fracture  surface,  (a)  is  the 
half  length  of  the  included  crack  at  instability,  v  is  the  Poisson  ratio  and  F  is  the 
tensile  mod  ulus. 


I  t  I  - 


•1 

I |>e  rimental  results  show  t  li.it  (lie  cni'i|;v  V  is  roughly  « ■  <  |  *  i .  1 1  li>  the  thermo 
dynamic  surface  energy  lor  .i  1  >  til  ( !  <  •  >  i  i  <  1  such  as  glass,  lail  11  .several  orders 

ol  magnitude  greater  Ilian  (he  surface  energy  for  metals  and  |  d ,  i  s ;  ic  s . 

Tlic  (  i  rif  f  ith -C  )i  ov.'.in  theory  has  not  lieen  used  e  x  I  «•  ns  i  \  c  I  y  lor  s  e  m  i  - 1 1 1  1 1 1 1  e 
materials  such  as  high  s>  length  sleels,  .ilmiiniiius,  and  mo.i  ,.olyinors,  One  ol 
its  1  i  m  i  1 1  i  ons  a  j>]»ea  rs  to  he  its  inali  1 1  i  t  y  to  modify  the  elastic  a  rain  energy  for 

(lie  inelastic  deformation  in  the  vicinity  of  the  crack  tip. 

S 

Irwin  reali/.ed  tins  possible  shortcoming  and  has  ottered  a  related  approach 
which  permits  a  calculation  of  the  size  of  the  plastic  /ante  in  i  font  ot  the  crack  tip 
From  this  theory  one  can  calculate  the  energy  and  stress  lev  el  required  for  the 
crack  movement  to  change  from  a  slow  stable  growth  to  a  rapid,  catastrophic 
propagation.  A  material  propeity  called  the  strain  energy  release  rate, 
characterizes  this  condition.  Trie  strain  energy  release  rate  includes  all  coat  fi¬ 
liations  to  the  energy  dissipated  as  the  crack  advances,  including  those  which  are 
not  related  directly  to  that,  required  for  the  formation  of  new  surface  area.  Fo  r 


the  edge  notched  sheets  shown  in  Figure 
Irwin  has  shown  that  the  fracture 
toughness  is  characterized  by 
the  following  equations^: 


Fi gu re  1  I  )ouble 
hldge  -  Not  rlird 
Sheets  are  Used 
for  Fraeture 
Tough  nos  s. 


where  K  and  v>  are  the  stress  intrnsitv  parameter  and  .strain  ene  rgv  release 
If  I<  - 

rate  and  are  material  properties  ot  the  c  omposite,  1  he  quantity  0  ss  the  gross- 
section  tensile  stress,  O  is  the  yield  strength  of  fin-  composite,  and  (a)  is  die 
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iT.iik  si/.e  ,i(  iik-  onsrl  ill  eata.s  I  rn|iliit  failure.  All  of  these  a  it  in  eus  u  raid  v 
|  >  r  ope  cl  i  es  >1  tin-  r  i  >i  n]  x  im  1 1  e.  The  si/.c  of  (lie  plastic  /.one  around  the  crack  tip 


i.->  c ii u  r.iclc  r  i /  i *d  I •  \  tin1  lenplh  r  : 

y 


lc 

— - - a 

’  ,*  I!  O  *- 
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This  "jd.istu:  /aim*  si/.c"  is  often  very  sin. ill  in  tin  systems  we  have  been  studying 
but  it  is  felt  that  it  maybe  an  important  parameter  for  dm  rac  tc  rizing  the  dissipa- 
tivc  processes  in  the  vicinity  of  the  crack  tip. 

It  can  be  shown  that  the  strain  energy  release  rale  is  related  to  the  energy 
p.irametcr  of  the  C  i  r  iff  i  th  -  Or  owa  n  theory  by: 


&  i  y 

lc 

Fxpe  rimental  Results 

The  doulili*  edpe -notched  tensile  specimen,  shown  in  Figure 

touphness  testing.  The  geometry  of  the*  specimen  conforms  to  the 

6 

recommended  by  Irwin  . 

The  samples  are  notched  with  a  custom  de  ipned, 

carbide-t  ipped  flycutter  used  on  a  milling  rna<hine. 

I’ll e  notch  dimensions  are: 

Depth  -  0.  ZOO  a  0,  001  inches 

Width  -  0.  1  00  i-  0.  00. i  inches 

Included  u n pi e  of  t i p  -  IS0 

Root  radius  oi  ;ip  -  ^  0.  000b  im  lies. 

The  iiou  lied  root  radius  can  lie  of  extreme  importance 

and  is  a  subject  of  preat  discussion  in  literature  on 

7 

(lie  fracture  touphness  of  metals  .  There  is  essen¬ 
tially  no  data  that  i  an  he  used  to  determine  the 
important  e  of  root  radius  in  notc  hed  plastic  s,  Ii'ucvit, 


was  used  for 
dimensions 

-Mf.|  ..»■>**  u> 


i-  i  p  u  re  L 


I  H. 


I  I  in  1  <’  r  I  li  i •  I  !■  s  |  i  i  >m 1 1 1  1 1  in*)  w i -  1 1 . *  \  » •  I ) n  us  i  n )' ,  i  f.i  < ■  |.  •.  g  i  d\t.  s  I  owl  v  f  roi ,  i  the 
Notch  I  <  p  lift  o  if  rapid  propagation.  II  is  thought  that  .is  long  ,o.  the  rapid  prop- 
agut  ton  is  jo-ri  -ended  liy  slow  crai'k  growth,  the  noli  h  root  railnis  at  the  onset 
of  «  ,t  t  .i  s  t  roj  ill  ii-  failure  is  probably  small  luioa^h  so  that  tin-  fracture  toughness 
is  relatively  insensitive  to  the  initial  machined  notch  radius. 

Wit):  the  notch  radius  being  effectively  zero,  another  major  consideration 
is  whether  the  machining  seriously  affects  the  properties  near  the  noteh.  Kortu- 
■  lately  I'l'l)  is  hi  ret  r  indent  which  allows  the  observation  of  the  d  is  rujrt  <im:  e  near 
Ih  e  crack  tip  by  polarized  light.  Wh<  n  the  polymer  is  strained  n  onnni  ft r  r  id  y  , 
colored  hi  re  f  r  indent  rings  are  created  showing  the  disturbed  regions.  After 
iruo  hitting  the  notches  in  the  unfilled  1‘1’Q.  only  slight  disturbance  was  noticed. 
The  measured  disturbance  region  extended  less  than  .  00<i  inches.  11  the  notch 
was  further  extended  with  a  razor  blade,  bright  rings  were  apparent  with  the 
disturbed  region  extending  to  about  .  010  inches  from  the  tip.  Since  the  plastic 
zone,  r  .  was  determined  to  he  about  .  030  inches,  it  was  assumed  that  the 

y 

disturbance  due  to  machining  was  negligible.  The  filled  polymers  were  lather 

opaque  and  it  was  difficult  to  measure  the  region  of  disturbance  due  to  machining 

wiih  polarized  light.  However,  since'  th>*  cahulated  r  is  about  .07  0  inches, 

v 

again  the  disturbance  is  assumed  negligible.  II  should  also  he  pointed  out  th.il 
the  si"  ■  crack  growth  region  extends  an  average  distance  of  .  Od,  0  inches  which 
would  ajipear  to  insure  thal  the  machining  effects  were  negligible. 

Hie  specimens  arc  mounted  in  ihc  specimen  holders  shown  in  Kigure  f. 

I  he  .  enlerlim*  of  the  spin  imen  is  witliin  +  0,  001  inches  of  the  loading  axis,  In 
order  to  improve'  on  the-  pin  loading  suggested  by  Irwin  (and  used  exclusively  for 
testing  of  metals),  the  spec  miens  arc  glued  to  the  spec  imen  holders  with 
Kastman  010  adhesive.  I'he  spe>  imen  holders  are  then  pin  loaded.  It  is  fell  that 
loading  via  the  adhesive  imrit  permits  a  more  uniform  loud  than  afforded  by  pin 
loadi ng. 

After  allewuig  the  idhe-.ive  to  set  (at  least  0.  hours)  the  sample  s  arc  mounted 
on  the  Inst  ron  i  n  . :  a  ,r-  v 1  -i  >nm  e  n  t  a  1  chamber.  The  information  needed  for  analysis 
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where  <  j , 


Fracture*  toughness  tests  have  been  made  for  pure  l’PO  over  a  range  ui 
thicknesses  of.  03  to  .  £  0  incites,  pure  Pl’O  over  a  range  of  r  rosshrad  rates  of 
.  OS  cm/  min  to  S  e  in /min,  PI 'O  filled  with  unt  "r.ited  glass  microheads  (diameter  - 
1-30  microns)  at  filler  concent  rations  of  S,  10  and  IS  percent  by  volume,  and  PPO 
filled  with  A  -  1  1  00  a  ilane  treated  glass  m  m  robe  ids.  In  addition,  the  frat  tun 
toughness  for  1’MMA  was  detennined  as  a  i  heck  with  published  data.  The  tests 
ol  pure  1  Ft)  over  a  range  of  thicknesses  were  carried  out  at  room  temperature; 
all  others  were  completed  in  the  environmental  chamber  at  cH  i  u  .’.'"I'.  Tim  data 
is  summarized  in  Table  I. 

The  call  ula  ted  Y- fracture  toughness  of 
Plexiglas  H  1 1  V  A  (1’MMA)  was  1.  OZ  x  I  0S  —  '  . 


,4 


<*r^s/cm  .  This  vnliu*  «ij^  nrs  wrll  with  a 
published  value  <  if  Z  .  1  f  0.  HS  x  I  ()"'  <•  i g  s  /  c  at' 

Tor  call  ulated  plastic  zone  for  1’MMA  is  only 
0036  nn,  Meiause  of  its  small  size,  the 
plastic  zauie  correction  factor  is  negligible 
and  any  g  ">d  purely  elastic  analysis  is  sufficient. 
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Figure  S 

plastic  zont'  si/.r  should  no  sin, .Her 
kness  of  0.  ]  indi  is  cons  ide  red  to  lie 
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Since  « •  I  omci  t  i  on  a!  break  and  tensile 
si  rcnpjb  ire  known  to  depend  on  die  viseo- 
el.islii  properties  of  a  material,  the  strain 
rate  dependence  of  fracture  toughness  was 
investigated.  Pure  J'PC)  was  tested  on  an 
Inst  ron  nver  the  ranpe  of  crosshead  speeds 
of  ,  OS  to  .  S  i  in/niin,  Although  the  i  ross- 
head  speeds  available  include  up  to  3C 
i  rn/rnin,  the  recording  pen  rrspanse  time 
hi  /  iii  in.  The  data  shown  in  Figure  7  indicates  no 
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■  In-ad  rale  as  a  parameter  for  future  studies  on  tins  system  us  in  it  the  Inst  run 
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.‘‘reliminury  tests  of  the  !  VO  tilled  with  untie.  i(ed  glass  beads  indicate 
tint  i  rc.sshead  rates  of  about  t).  I  centimeters  j»«*  i-  minute  permit  extensive 
yielding  before  fracture.  Ibis  yielding  is  caused  by  the  specimen  breaking  at 
a  net  stress  near  its  yield  point  and  thus  does  not  permit  proper  analysis. 

This  difficulty  was  overcome  by  increasing  the  crosshead  rate  to  i  cm /min 
at  which  till  subsequent  tests  were  carried  out. 

Doth  K  a  ui  Y -fracture  toughness  of  the  untreated  glass  betid  composites 
increase  linearly  with  volume  traction  of  filler  up  to  about  1  IS  %  loading  (Figures 
8  and  9).  An  additional  point  at  Z()%  loading  indicates  that  the  fracture  toughnes 
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F’igure  8 


Figure  9 


may  reac  h  a  maximum  in  the  range  IS-gO%.  Although  this  type  of  behavior  is 
reasonable,  it  is  not  yet  certain  whether  the  decrease  is  associated  only  with 
the  fabrication  pn  cess  (the  *10 %  spec  irnens  'Acre  inade  from  a  different  batc  h 
()f  raw  materials  'hail  t li c *  other  ron<  i  nt  rut  ions). 

Fractographic  evidence-  indicates  that  there  is  pruhahly  little  or  no  adhesion 
between  the  untreated  beads  and  tin-  polymer.  When  tie-re  is  no  adhesion  between 
phases  one  may  consider  that  each  head  a<  Is  us  a  void  in  the-  solid.  From  the 
data,  it  seems  that  a  low  nmcent  raliun  ■>)  -  uch  voids  c  auses  an  increase  in 
fracture  t  oug.h  ties  s .  Treatment  of  do  beads  with  A  1  I  lit)  silane  coupling  agent 
significantly  f  1  <  c  leases  the  1  r.n  tu  re  t 1  *u  g  1 1  n  e  s  s  of  tie-  c  or  n  j  a  >s  1 1  e  when  conij  areal 
to  the  same  c  om  e  n  I  r,i  I  :  on  of  untreated  lead..  the  V  -  true  t  u  re  toughness  is  even 
lower  than  that  nt  the  pure  matrix.  »  r  .n  t  -  u:  r  a  p!i  l  c  rvid-  n,  e  show-.,  that  the-  treated 
beads  have  a  greater  degree  <>!  adhesion  to  the  polymer  matrix.  Flues  ,  it  follows 
t  fi  a  t  improving  I  n  <  -  i  ill  eg  ri !  v  ,  >1  the  system  (  i .  e .  ,  removing  the  coids)  seems  to 
decrease  fracture  toughness. 


)  1 1 


A  complete  1 1 1 11 !  <  •  r.s  l.mclmi:  of  this  beha>  «or  is  not  avail. ililr  al  this  lime. 

II  >\\t'\rr,  i!  'Ini';,  appear  that  tin-  increased  rnci'nv  !’«■  <|>  i  i  r  t  ■  m  out  s  fur  the  system 
1 1 )  i  tlit*  1 1  n  I  i* i  •  a  t  >  ■  1 1  I  > i  ■ . i 1 1 s  i  •  •  i  < *  I  a  1 1  * 1 1  I  *  >  a  < I < 1 :  1 1  <  >tia  1  j  >1 1  y  s  i  i  a  1  d  i  s  t  w  r  I  > a  n<  a*  ( j  >i  a  s  1 1  c 
1  I  ,  sccomla  r\  i  ra<  ks  and  i  ra/anp)  at  and  In-ncatli  iln*  frailiirc  surface.  By 
i  m  |  ■  r  i  >\  i  i  i  j. ;  Ilit*  .  t  d  h  <  ■  s  i  *  >  n  ,  tin*,  d  i  s  t  n  rl>  i  n<  e  is  restricted  to  tin*  fracture  surf,  tee 
and  thus  the  fracture  process  reijiiires  less  energy.  As  the  coitcent  i  a!  jot)  of 
heads  (or  voids)  increases  there  is  a  greater  chair  e  of  agglomeration  and 
coalescence  of  v  o  1 1  Is  whit  h  at  h  i  p  h  c  one  e  n  t  r  a  I  i  o  ns  should  lead  to  a  decrease  in 
fracture  toughness.  (in  the  limit  of  no  matrix,  no  energy  is  required  to  separate 
the  heads.  ) 

I  lie  tai  I  that  at  10  ]>en  en!  t > y  volume  of  plass  beads  in  1'i’O  the  Y -fracture 
toughness  was  decreased  ny  fd)/<*  due  to  treatment  with  A-!  100  is  interesting; 
considering  lh.it  the  ultimate  strength  increased  only  four  percent  and  the  elastic 
modulus  remained  constant.  It  app.  rs  that  fracture  toughness  testing  may  he 
a  valuable  tool  in  determining  the  relative  adhesion  between  the  matrix  and  filler 
lor-  many  composite  systems. 

Yield  stress  and  tensile  modulus,  required  to  calculate  K  and  y.'1  ,  are 
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(•host'll  .is  the  crossluMil  rate  for  all  samples.  Only  llw  I’MMA  samples  failed 
So  show  this  kind  of  yielding  and  required  that  an  approximate  percent  offset 
be  used. 

P'.i#t  ffO  m  iSH  f 

Figure  !0  shows  that  the  ultimate 
strength  of  tlie  pure  Pi  O  increases  about 
linearly  with  t lit*  logarithm  of  the  cross- 
head  rate.  The  addition  of  untreated 
glass  beads  to  J  PO  decreases  the  ulti¬ 
mate  strength  as  shown  in  Figure  11. 

The  results  show  little  scatter,  with  the 
curve  showing  sharpest  decrease  in 
strength  in  the  low  concentration  range. 

By  treating  the  beads  with  A- 1100  silane 
at  1  0  percent  l > y  volume  glass  beads, 
the  strength  was  increased  by  4  percent 
over  the  untreated  beads  but  remained 
far  below  that  of  the  unfilled  T’PO. 

The  tensile  modulus  was  determined 
from  mic  rotens  ile  samples  and  in  most  Figure  11 

cases  was  checked  by  one-half  inch  wide  bars.  The  strain  was  measured  by 
Inst  ron  strain  gage  exteens  om  etc  rs  mounted  on  dir  samples  .  The  e  xtrns  omete  rs 
are  quite1  ace:  tit  ate  (within  1/Z%)  but  it  was  found  that  i-Mivine  rare  must  he 
taken  in  placement  on  the  samples.  Failure  to  make  triplicate-  reaelings  may 
permit  a  b  percent  error  due  to  misalignment.  ^  [ . •'  I 

f  igure  to  shows  that  the  tensile  modulus 
increases  with  filler  concent  ration.  The 
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increase  appears  to  fall  within  the  region 

9  1  0 

pre-diet  eel  by  the  Krrner  and  van  der  Poel 
equations.  Treatment  with  A-!  100  causes  no 
siguife  ant  t  hange  of  clastii  moil-  lus. 
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llu'  siirl.i!  i-  <)l  ill-'  I  M  ‘I  i  <  1 1 1 « -  *  I  will-  tir, 'Ifil  v«  rsiis  mil  i'i'.i  I  i'd  In', ids.  Figure  L  \ 
is  ,m  electron  mir  roHroji"  photograph  which  clearly  shows  the  1  nil  1 1 1 1 1  i  oil  of  flow 
ni'.ir  llio  surface  of  an  adhe  rinp  plans  bead. 
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i >i i'l  l i.s!( >N  ( >!•  vv a  ri;i\  a i .<  >.M( ;  r: : i-;  ci, ass- ki’ow  intfk  fa<  :k  (i'.  Peyser) 

It  is  is'  nc  r  .1 1  l  v  believed  Hi  it  th."  i  nt  e  c  t  ,i  i  i ,  i  I  i'i‘|;ion  plays  ,i  major  rule  in 
<  1 1 1 1  <■  n  i  u  ii  l  ng  the  e  iia  rac  t  e  ri f  tc  s  ul  <  -  i i>i  1 1  ><  is  j  I  es ,  VV.ilir  in  f  re  ipirnt  1  V  (  ft  >uh  I  <•  m  nil  c 
in  weakening  riiiiijiiisili'ii  while  suitable  coupl  mg  agents  ,nc  effective  in  substan¬ 
tially  increasing  the  wet  strength  of  c  oin|)os  1 1  ns .  Hence,  ,t  sillily  ul'  the  diffusion 
of  water  a  I  ong  roi  n  j  >t  >s  i  t  r  i  ill  e  i  I  ac  «•  s  is  of  g  r  ea  I  interest  and  the  e  1 1 1  e  i  d.t  t  i  on  <  >!  the 

mechanism  oi  this  diffusion  is  of  vital  importance.  A  few  such  studies  have  been 

1 

under  taken.  I.uird  reported  that  wafer  diffuses  along  the  gl.iss  -ejioxy  interface 

> 

Ci 

■ISO  times  faster  than  through  the  epoxy  resin.  Patrick  and  l.ayne  reported  a 
substantial  diffusion  o|  water  through  a  glass-epoxy  system  S  v  1  ()”"*’  g/rn/  / day) 
w  ith  a  great  deal  of  the  diffusion  occurring  in  mic  roc  racks  spread  throughout  the 
resin  and  along  the  interlace.  Moreover,  they  found  that  their  coupling  agent 
actually  increased  the  rate  of  <li.ffu.sion  along  the  interface.  VV  e ,  however,  do  not 
find  as  great  a  diffusion  of  water  through  our  glass -epoxy  system  and  find  that 
the  application  of  coupling  agent  to  the  interfacial  region  sometimes  did  not 
hinder  and  other  times  helped  retard  the  diffusion  of  the  water.  This  work  is  a 
continuation  of  the  work  begun  by  J.  Schaeffer 
basic  Method 

A  model  glass  -epoxy  composite  was  constructed  as  shown  in  Figure  1.  The 


permeation  of  tritiated  water  from  the  inside  of  flu* 
cell  through  the  resin  and  through  tfie  resin-glass 
interface  was  measured  as  a  function  of  time.  A 
permeation  of  1()'R  g/cnV/da y  was  easily  detected. 
Diffusion  cells,  as  shown  in  Figures  d  arid  i  were; 
abso  constructed,  and  these  cells  approximated  the 
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i  if  wa  ter  I  h  rough  I  he 
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condition  w'lerr  only  the  diffusion  occurring  through 
tlie  resin  was  detected.  The  difference  between 
these  two  experiments  was  a  measure  of  the  diffusion 
interlace  alone.  The  resin  shrinks  away  from  the  walls  of 
sample  is  allowed  to  cool  to  room  temperature  after  being 
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run  il  at  i  •  I  ••  •  v .  1 1 « •  *  I  leinpe  r.i  tu  res .  A  larpe  si  rain  is  thereby  e  reated  at  tile  inter¬ 
face.  The  effect  of  this  strain  upon  interfacial  diffusion  was  studied  by  performing 
the  experiments  at  various  temperatures.  Also,  in  order  to  increase  considerably 
the  inletf. n ual  region  in  a  diffusion  cell  and  increase  the  sensitivity  by  which 
inlet  facial  effects  «  mild  he  detected,  experiments  were  performed  on  epoxv  filled 
sintered  discs. 

We  wish  to  emphasize  th  it  measurements  were  only  made  on  cells  which 
showed  no  sipn  of  interfaci.il  i  rack  >r  failure.  In  deed,  a  pood  many  cells  were 
(list  anil'll  liri  ause  of  visible  detects. 

Kx  pe  r  1  me  II  I  .  1  1 

A  variety  ot  different  ditlusion  cells  were  cons  t  rurtcil,  each  of  which  has  its 
pa  ft  i  c  u  1  a  r  us  e  1 1 1 1  nes  s  .  The  nnr-i  vlmdei  -  iiilrrf.H  e-cell  will  first  In1  dcsr  rilied 
in  detail  and  (lien  (he  ..iriat  ions  ,  i  j  >  { >  1 1  <  able  to  the  other  eel  hi  will  he  considered. 

One  cylinder  cell;  A  p\  lex  j;  lass  (  vl  itnlrr  of  f,  <  m  ili.miele  ,■  was  cut  smoothly  at 
oar  end  to  a  lenplh  of  (>  i  m  lie:.,  sfiphtlv  f  l  r  e  -  pc  >1  i  s  h  e<l  and  annealed  overnight.  The 
final  cleaning  of  the  ,  ylmdei  w  a  .*.<  i  oeipbshed  bv  reflmaiu;  isoprosanoi  onto  the 
f  i  re  -  pol  l  s  h  ed  end  "I  the  e\lmdei  and  then  nnniersini;  tin  ;  ylinder  into  boilmp 
l  s  oj )  r  o  j  i.i  n  i  >1 .  Ke  1  -  F  film  was  wrapped  and  foil  around  the  1 1  re  -pol  i  shed  end  of 
the  cylinder  to  seal  one  end  of  (tie  i  \linder  with  a  smooth  wrinkle  free  film. 


'  No  11  *tU  f  i  t  i  , 


Shell  Kpon -8d 0  was  thoroug;hl\  mixed  with  Shell  Curing  Ag;ent  I)  m  .(  ratio  of 
100  parts  (by  weig;ht)  resin  lo  I  ,!.  h  parts  curing;  aggent.  Fen  gg  ams  ol  the  mix¬ 
ture  was  poured  in  and  the  cylinder  placed  in  an  oven  to  cure  at  7S°C.  The 
total  time  of  cure,  beginning;  with  the  mixing;  of  the  resin  with  cut, im;  agent, 


was  ih.ree  hours.  To  remove  air  bubbles  arising;  from  the  mixing;  process  and 
the  initial  curing;  proc  ess,  a  vacuum  was  pulled  on  the  sample  i  during;  the  first 
half  hour  of  cure.  One  sample  (1)  9  0)  did  not  receive  the  vacuum  treatment  and 
air  bubbles  were  clearly  visible  in  the  cured  resin.  The  Kel-F  film  was  removed 
after  the  cure.  The  tog;  part  of  the  diffusion  cell  was  then  attached  to  the  cylinder 
(see  Figpirc  1).  Tritiated  water,  ISO,  and  a  I'eflon  coated  magnet  were  sealed 
into  a  breakable  ggiass  vial  and  the  outside  of  the  vial  washed  to  remove  any 
traces  of  radioactivity.  For  room  temperature  studies  the  vial  was  placed  in 
the  diffusion  cell  and  the  lug  of  the  cell  sealed.  For  higgher  temperature  work, 
a  condenser  and  a  cold  trap  were  attached  to  the  cell  as  shown  in  Figgure  4,  Dry 

nitrogM-n  g> a s  was  passed  over  the  bottom  of  the 
outside  of  rhe  diffusion  cell  and  then  into  a  cold 
t  r  ip  <  o!  lector.  The  flow  was  sufficient  to  essen¬ 
tially  carry  over  to  the  trap  any  diffusing;  water  but 
■  I  -iv  i  poiigdi  so  that  in  tests  a  second  trap  in  series 
v  Ml*  tin*  first  d  i  rl  not  show  any  radioactivity.  The 
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■'  1  g  ’!  .  nnount  of  T.O  in  the  cold  trap  was  measured  by 

’(  \ 

•“•<**•  ••  *  j  1  1  ”  i  i  inovmg  (and  replacing;)  the  cold  trap  container, 


tp'o.f,.*/  t.l  . . .  iilliiu;  it  with  IS  ml  of  s  c  i  nt .  I  la  t  ing*  solution,  and 
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An  outer  plass  j.irki'l  was  ttlached  to  the  diffusion  ecll  as  shown  in  Figure  1 
uud  a  heating  (ape  was  wrapped  about  the  jacket  in  the  vicinity  above  and  below 
the  epoxy  disc.  A  thermistor  probe  and  a  thermometer  were  inserted  just  below 
the  dise  and  with  the  help  of  a  thermistor  relay,  temperature  held  constant  to 
within  +  1  0  C.  An  early  run  where  the  temperature  control  was  much  poorer 
(1)  ')  1  A)  is  indicated  as  such  in  the  results.  Temperature  equilibrium  was 
established  before  the  vial  was  broken. 

Thin  Cells:  During  cure,  a  Teflon  rod  of  L,  5  cm  diameter  was  inserted  into 

the  epoxy  resin  at  a  distance  of  a  few  miluneters  from  the  Kel-F  film.  After' 

(  lire,  the  rod  was  pulled  away  from  the  resin  leaving  a  circular  cavity  in  the 
disc.  A  py  rex  cylindet  was  then  attached  to  the  thin  part  of  the  epoxy  disc  by 
pouring;  room  temperature  cure  epoxy  resin  liberally  on  the  outside  of  this  inner 
cylinder  and  curing;.  TA)  was  placed  inside  the  inner  cylinder. 

Two  Cylinder  Cells:  An  inner  pv  rex  cylinder  •>!  S.  1  cm  diameter  was  partially 

inserted  into  the  curing;  disc.  The  area  between  the  inner  and  outer  cylinders  was 
tilled  with  water  and  Tj.0  was  placed  inside  tl  e  inner  cylinder. 

Sint  ered  Class  Cells:  A  coarse  sintered  plans  tube  of  disc  diameter  1.3  cm 

was  i  leaned  by  first  refluxing  (lie  tubes  c.ce  might  with  isopropanol  in  a  soxhelet. 
After  drying;,  the  tubes  were  heated  overnight  at  *JS0cC  in  a  muffle  oven  and 
1 1  lowed  to  cool  slowly.  The  (list  was  filled  with  a  few  drops  of  epoxy  resin  which 
had  been  curing;  for  1/3  hour  and  the  rest  of  the  cure  continued  for  the  normal  f 
hour:.,.  file  top  and  bottom  ot  the  (  ell  were  then  attached  as  is  shown  in  Figu  re  b. 
Coupling:  Agent:  J'o>w  A- 11  00,  V  in  inopropy  1 1  r  i  e  t  b<>x\ a  i  la  ne  , 
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St  iut  il  lilting  Solution  and  Ntanda  rdizut  ion:  16.9  grams  of  Z  ,  6  -  di  phony  loxn.z  ol  e 

and  0.64  gram  of  •l-methvl-5-phenyloxazolyl  -benzene,  obtained  train  the  Packard 
Instrument  Coinjiaiiy  was  dissolved  in  four  pints  r.t  reagent  grade  toluene  and  one 
pint:  of  reagent  grade  methanol  to  produce  the  scintillating  solution.  Trit.iatcd 
water  (if  specific  activity  of  one  in  ill  ieu  re/ gram  was  obtained  from  the  New'  England 
Nuc  lear  Corporation.  It  was  diluted  about  ten-fold  before  use.  The  wate  r  was 
standardized  by  pipeting  60  \  of  the  diluted  water  into  a  scintillating  vial,  adding 
scintillating  solution  and  counting  in  the  scintillation  counter.  A  typical  sample 
gave  about  3  x  1  07  counts  per  minute  pe  r  grain  ol"  water.  A  correction  was 
applied  to  take  into  account  the  dead  time  error  of  the  counter. 

Method  of  Analysis 

Assuming  Fickian  diffusion  and  .neglecting  end  effects,  a  measurement  of  the 

amount  of  water  which  has  diffused  through  a  membrane  as  a  function  of  time 

allows  one  to  determine  the  diffusion  constant,  D,  (cm /mm2)  and  the  solubility, 

c,  (a/  cm*)  for  the  system.  The  product  of  C  x  D  is  known  as  the  permeability 

constant,  F.  Most  common  analysis  of  the  data  (time  -  lag,  method)  involves 

plotting  the  amount  of  water  which  has  diffused  through  the  membrane  as  a  function 

f  time  until  the  steady  state  has  definitely  been  achieved.  Then  the  slope  of  the 

straight  line  in  the  steady  state  region  and  the  intercept  of  this  line  extended  into 

S 

the  time  axis,  are  simply  related  to  1 '  and  C  .  Howe  vr  .  ,  the  smallness  of  tin 
diffusion  constant  for  the  system  of  our  measurement  and  the  need  to  use  rela¬ 
tively  thick  membranes  in  order  to  guarantee  interfac  ial  contact  between  res  in 
and  glass  made  analysis  by  the  1  ime  -  lag  method  impractical.  For  example, 
st  ead\  sta’e  a!  room  temperature  was  not  achieved  a  ft  “  r  a  year  for  the  diffusion 
of  water  through  the  glass  -epoxy  cell-  where  the  ilni  k  ness  of  the  disc  was  ibout 
1.6  mm.  For  short  times,  a  n  on  e \ a  <  t  tint  h  i  gli I  y  a ■ <  urate  solution  of  the  Fi<  k  i a n 

di  Hus  ion  differential  equation,  tot  the  boundary  (  nnditmns  of  our  interest  was 

f 

first  given  by  Rogers,  Hunt/  and  Aipert 

,  dU 

in  I - ■  >  /‘  i  .  fn  [.iAf 

dt 


as  the  following: 


1  -) 


t  !  :t 


(1) 


a  he  r 

e  U 

amount  of  w.i 

iter,  gill, 

whn 

h  ha; 

i  di 

f  f  us  ed 

thr 

on  el 

i  the  me1 

vi 1) r* 

UH\ 

A 

-  area  i 

if  mem 

h  ran e,  c 

in". 

f. 

-  length 

of  met 

oil  '  a  lie  , 

i  m. 

1. 

-  time, 

mi  n. 

( ; 

-  s  o  1  it  h  i 

1 1 1  y  ot 

water  in 

the  in 

end)  1 

-,uu 

•.  I','"/ 

C  111 

i 

(Note 

:  Sine 

e  t  lie  de  r 

ovate  m 

of  t  he  ul 

HlVr  S 

ol  lit  j 

on 

is  not , 

to 

the 

author's 

kno 

wl 

clearly  stated  in  tin*  life  ratu  re,  the  tollowing  !  >  r  i  <  - 1  outlined  d  r  r  i  va  1  i  on  s  arc  pre¬ 


sented.  One  method  is  to  apply  the  transformation  which  is  found  on  page  (7,7b  of 

7 

Curs  law  and  Jarp'  r  to  the  well  known  solution  of  the  d  i !  te  re  nt.  ial  equation  which 

r, 

is  gi,-en  on  page  17  of  drunk  ,  Another  method  is  to  make  use  of  the  solution 

7 

given  on  page  11 6  of  Car.-. law  and  .l.n-iyr  .  Fi  re.  I  this  solution  should  In*  jmt  into 
dilli:  ion  terms  by  using  the  one  to  one  e  or  i  es  pond  cm:  e  that  exist  l.iefween  heat 
conduction  and  di  tins  ion.  Set  t '  ()  and  make  use  of  the  re  iat  ionship 

03  on 


E  (  )  =  l  7  (  )  • 

o 

Solve  for  hy  iirst  d  ;  I  f  e  i  e  n  t  i  a  t  i  ng  and  then  integrating,  making  use  of  th< 

dt 

i  cl  u  i  on s  li  1 1> 


dO 

•  it 


-  /  ' 


whe 

re  ( : '  1 

s  (he  i 

<>ni  * 

■  n  t  r  a 

lion  of  the  diffusing,  suhstam  e  it 

<  1 

distance  x  t  r  ort  i  t  h  e 

.  n«i 

ol  the 

1  1  O  '  11  1  h 

f  <.  no 

whe 

re  :  he  dlft  ns  ; 

ion  began.  The  ime, 

1  ?* 

f  o  m  i  of  the  s  olulion 

is  < » 

lila  1  11  e  i 

I  i > y  re 

l.nni 

n  g  ei 

P\  the  first 

t  e  r  l  n  of  the  infinite  ; 

<  <  ’ 

r  l  es  which  is  va  1  id 

tot 

s  !m  1  1  t 

lines.  ) 

i ll-lill- 

a  plot 

ot  the  1  e 

it  side  ul  1  h < 

qua  !  i  on  ( 1  )  ug  i  ms  1 

the  r ec  i  p roea  1  of  linn 

lid  r  i  v  • 

■a  s  t  r 

a  l  K 1 1 1 

life 

.v  1 1  o  s  •  •  s  !  1 1  j . . 

■  is  ■  i  I  r  e  <  i  1  \  1  e  I .  it  (  1 1 

t  o 

1 )  a  nd  whose  i  ot e  r  c  e 

]  *  1 

•lit.  d 

to  Pie 

!ii|  a  1 

Phil 

i  o !  C  \  1  i  , 

Note,  li  o\v  e  \  •  -  r  r  h 

at 

t  he  iu'cu  r  ac  y  in  the 

on- 

’'millet 

lion  l  >f 

i  )  1  s 

mm 

!  1  c  1'  i  ,1  t  e  i  1  1 1 

in  that  of  (  .  ilo  < i  i 

(  ! 

i  s  i  on  il.ila  was  f  1 1 1  ed 

li*  - 

•  j  1  ,t  me 

:  Mi  i  o' 

a  ic 

a-P  <• 

-  on  a  re  in.ilv 

SO..  ’ 

ill"  -I  Itlml  w  is  he.,  |  e  thank  |>r.  A  1 1  an  |  ))i  k  *•  rs«m  l.ir  he,  help  in  a  n.i  1  y  /  I  ng  the 

C  -  I  '  I  i  ■  \  IS  e  lit  (111-  I  I  •!  I  !  J  .1  !  |  I  r  . 


I 


Results 


A  typical  plot  of  tli«‘  diffusion  data  is  .shown  ir,  Figure  (>.  As  ran  ho  Hi'cn,  a 


mi  V  *»  «'>N  IH  »  f  *i  A(  l*l  f.tff.'TloM 


\  X 
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straight  lino  fit  of  flu*  data,  indicating 
Fiikun  tli  f "  t\  sio/i  is  •■«*  isonabl  o  hut  the 
accuracy  of  ttio  fit  is  not  very  good.  The 
values  of  1)  ami  (1  obtained  from  such  fits 
should  be  analyzed  taking  into  consideration 
tiie  inaccuracy  of  the  fit.  As  previously 
mentioned,  the  value  of  C  so  obtained,  is 
especially  .inaccurate.  Despite  such 


inaccuracies,  the  results  clearly  indicate  that  an  increased  diffusion  occurred  due 
to  the  presence  of  the  interface.  Graphically  Figure  6  demonstrates  this  point. 

The  top  line  represents  the  best  fit  for  the  measured  rate  of  diffusion  and  the 
bottom  line  is  what  the  straight  line  would  he  like  if  diffusion  was  only  through 
the  resin.  Diffusion  through  the  resin  alone  was  measured  in  two  ways  by  use  of 
the  thin  cells  and  the  two  cylinder  cells.  In  both  cases,  end  effects  are  assumed 
to  be  negligible.  The  two  cylinder  cell,  in  particular,  closely  resembles  the  inter¬ 
face  cells  and  the  resin  was  subject  to  identical  conditions  of  cure.  The  value  of 
C  for  room  temperature  was  also  measured  directly  by  weighing  a  thin  piece  of 
epoxy,  which  had  been  soaked  in  water  for  a  time  sufficient  to  guarantee  equili¬ 
brium  absorbtion  of  water  and  then  plotted  and  wc  ighed.  The  results  for  room 
temperature  diffusion  is  shown  in  Table  I.  As  indicated,  interfaci.il  diffusion 
differed  t  r«m  diffusion  through  the  resin  primarily  by  an  increased  value  of  C 
while  thi  values  of  D  were  somewhat  lower, 

The  product  of  C  x  D,  the  permeability  constant,  was  about  an  order'  of  mag¬ 
nitude  too  large.  Tt  was  not  expected  that  interfacial  diffusion  should  show  itself 
by  an  increased  value  of  C  and  no  increase  in  D„  Such  a  result  might  be  an 
artifact  arising  from  fitting  innaccuratc  data  to  an  invalid  Fickian  model.  However-, 
another  explanation  is  possible.  Namely,  that  deterioration  of  the  interface  by 
diffusing  water  occurs  only  after  water  has  reached  the  imerfacinl  region  by 
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diffusion  lli  rolled  the  resin, 
her  ping  mi  n  1 1  ml  I  h  .1  i  I)  is 
primarily  a  measure  of  how 
kly  (hr  p<-  rim'  it  itig  w.ilrr 
ran  hr  detected  and  C  is  a 
mra.su  re  of  (hr  quantity  ‘>1 
water  which  will  jierrnoalu 
through  the  resin,  the  aimvt' 
mechanism  is  plans  idle.  in 
any  event.  the  amount  of  water 
jiermrat  ing  through  the  intrr- 
facial  roll  was  orders  of 
magnitude  loss  than  that 
reported  by  other  researchers. 
It  should  ho  ern phas  iz, ed ,  how¬ 
ever,  that  extreme  rare  was 


taken  in  the  const  ruction  of  the  diffusion  cdl  that  they  not  bo  subject  to  moohanical 
or  lliorui.il  shook.  Also  any  cell  whirl)  showed  <  ven  the  slightest  s  i(>ri  ol  an  into  r  - 
larial  r  rack  was  disrardod.  Hence,  the  nirasu  romontH  we  are  reporting  are 
rejiroscniativo  of  idealized  renditions  and  serve  as  an  indication  of  what  might  be 
expected  I  mm  superior  into  rfar  ia  1  bondings. 


Inr  reusing  the  tempo  r  itiire  of  SO®  (.1  and  7  1®  ('  also  inr  roased  the  value  of  C 
(but  not  | ))  and  hence  1’  by  about  a  factor  <>!  1  ()  as  seen  in  Table  II.  The  high  values 
of  (,  obtained  for  (lie  two  cylinder  samples,  i)  i  Of)  and  I)  103  are  no  doubt  due  to 
experimental  error  (<  racks).  The  results  indie  ate  that  reloa;  ing  the  strain  at  the 
interface  b\  increasing  the  temperature,  floes  not  decrease  the  diffusion  of  water 


along  the  interface. 


The  results  of  diffusion  through  the  sintered  glass  cylinder  are  shown  in 


I  able  11.  These  ceils  had  about  1  00  times  th*-  iniert  rcial  areas  as  compared  with 
the  interim  lal  (  ells  previously  disi  uissed.  ']iru  .  ,  however,  the  sintered  discs 
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well  1 1 1  >  t  i  I  < .  i  t  .  i  <  (  t  i  :  i  ■  1 1 ,  n  i 1  . 1 1  1 1  ■  t  n  |  *  t  \\  .  i  ■,  in  ,  ■  I  ■  ■  1 1  >  .  i  n  a  !  v  t  1 1  .i  1  I  v  .  in  •  i  I  v  1  •  llii‘  i  i  i  I  1 1 1 

.  i  1 1  r  i  llii  null  I  1 1  >  in.  Illi‘  lliit  kite;*,  ii}  l!ir  di  o  A’. is  si.i  ll  lh.it  dlttusion  would  (lot 

1 1 ,  i  \  i  ■  liri'ii  <1  in  tod  lor  uhoiil  (i  m  oil  I  h  >.  li.oi  'I  i !  I  iim  on  occurred  <  ■ ;  i  I  v  thiouph  the 
i'll,  |  n.  |l  w,ts  '  *  x  |  m -t  I  <  m  I  lli.it  sin  ii  i  ells  would  lie  .  1 1 1 1  *  •  to  m.i  pn  i  I  y  sm. ill  1 1 1  I  to  r  enc es 
|  w  t  •  v  i  on  s  I  y  dili  i  t  <  •  d  in  tin  om-  intcrl.it  «•  t  nils.  Indeed  sin  Ii  an  etlcct  was  toimd 
do  I  lie  (ill  f  ii  ,i  I  cd  with  c  on  p  I  i  n  r.  a  '  n  F  As  shown  in  T  aid  <•  I  and  II,  I  he  Hire! 
of  .  1 1  1 1 1 1  j  1 J I  1  I  II  1 1 1 1  |  1 1 J  >  ,||;|'||I  lo  lilt-  Mill'll  Ii  I'  of  dll'  orm  inforfui  n  rrlls  is  either  til 

: ,  I  *  j  ■  1 1  ( I  y  di  i  i  i  ist*  the  i  n  1 1  •  r  f  a  i  i  a  I  di  11ns  ion  or  to  have  no  <dI<-<  I  on  lilt*  diltusion. 

For  llin  si  n  1 1  *  i  i  •  d  lass  disc  ,  how  *  v  <  •  i  ,  flic  <■  f  f  o  <  I  of  a  ]  >|d  y  l  n  j.1  c  ou  ]  >1  i  n  ^  was 

lo  dtan  al  ii  i  I  I  \  drrnsio'  flic  diffusion.  As  previously  m  i'll  f  i  o  tied ,  these  results 

differ  fi  a  ilmse  of  1  ’at  lit  k  and  l.aird.  If  may  In*  lhat  our  results  art*  specific 
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datively  une  racked  tells. 

lie  re  I,.  ,ui  indication  from  tin*  results  that  there  is  a  tendency  of  interfacial 
dillu  ,i'ui  It*  ii<  t  l  ease  with  time.  I’erhaps  a  s  Min^  of  the  resin  occurs  which 
tend  |o  seal  the  interlace. 

!  h<-  ie  .ult*.  arc  i  n t  t >ii t  1 1 1 s  i  v  t •  for  they  tin  not  represent  a  statistical  t •  va  1  u,i  t  ion 
id  mli  i  in  r,  M  o  i  c  ■  o  v  i  •  r ,  it  is  impossible  t  o  dt*  t  e  rn  m  n  e  (lie  mechanism  ut  water 
1 1  i  I  1 1 1  s  1 1 1 1 1  I  mm  these  results.  However,  die  findings  teml  to  etnj'ha  s  i /,e  the  role 
vvliii  h  tin  i  nle  rl.ire  and  cracks  it  the  interf.u  e  play  in  the  diffusion  process.  [n 
aildilnui  they  show  imw  entirely  different  results  tan  he  obtained  by  various 
researchers.  I  he  rilort1,  unless  it  bet  times  possible  to  .uie  tjc.a  t  el  y  control  this 
va  noble  (the  cratks)  a  study  and  evulne'on  of  othe  *•  variables  would  he  most 
ti  l  1 1 1  c  ' 1 1  I  . 


(  d  'lit  I  r.  loll:, 

I  .  I  n  m  a  n  v  t  a  ses  1’las‘i  -  epox  v  systems  cunia  in  e  »  at  ks  t>  r  l>  roken  i  n  t  e  r  f  at  :  os 
vvlin  i;  allow  wafer  to  rapidly  pass  through  such  t  nniposites. 
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Z .  In  (lie  case  ill  good  interfaces  w.iIit  still  appears  In  go  along  the 

interlace  t. is  ter  Ilian  through  (lie  liulk  pnlymei  tmt  at  a  mm  h  smaller 
rale  than  previously  reported. 

1.  Silane  coupling  agent  A- I  100,  in  the  ease  of  good  interfaces,  either 
reduces  the  rate  of  water  transmission  through  the  composite,  or  it 
has  little  e ffec  t . 
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FfT'FC  IT  OF  PISP  FUSION  AND  A(  R  i  KK(  iATK  »N  OF  FIPPFR  PARTICI.KS 
( T.  B.  Fowls') 

Pi  t  f  e  rone  es  in  the  measui'ed  value  of  a  physical  jirujieity  of  a  composite 
material  an*  usually  a  1 1  r  i  hu  t  od  t  <  >  sevr  r.il  factors,  one  lie  l  n  g  the  degree  of  1 1  i  s  p  e  j  - 
■*">n  and  aggregation  ot  the  tiller  materia!  .  This  work  was  initiated  to  distinguish 
what  eifect  total  dispersion  and  varying  degrees  ot  aggregation  have  on  the 
’lu  ologK  .il  properties  of  a  filled  system.  Viscosity  measurements  wore  so  lei  ted 
lor  the  work  because  of  the  comparisons  which  ran  rea<  ly  tie  made.  The  exten¬ 
sive  data  and  theoretical  equations  for  the  viscosity  of  ,t  Newtonian  suspension 


!M 


lit  uniform  splmrica!  |>,»  r  t  lr  I  «‘.s  have  licrii  rrvirwril  in  m  rut  years  ’  .  In 

addition  tim  influrni'r  of  filler  content  on  the  visrnsity  of  ,i  huh,  en.vion  is  math- 

eni.it  ical  ly  analogims  to  the  effect  of  filler  content  on  the  sne.ir  modulus  of  a 

•1,  S.  (. 

c  ompe  >s  i  t  e 

A  totally  dispersed  system  is  characterized  by  ne  g  1  i  g  i  hi  e  inte  r -pa  rtic  le 
eoliesive  forces.  An  aggregated  system  has  strong  cohesive  forces  between 
particles,  while  an  agglomerated  system  would  have  weak  cohesive  forces. 

(Weak  and  strong  cohesive  forces  are  distinguished  by  the  ability  and  inability, 
respectively,  of  ordinary  dispersion  techniques  to  ureak  up  the  cluster.)  The 
inter-particle  attractive  forces  represent  the  cordition  of  filler  particles 
exhibiting  a  "stickiness"  and  not  being  wetted  individually  by  the  matrix  phase. 

It  is  possible  for  the  extent  of  agglomeration  and/or  aggregation  to  range  from 
doublets  or  triplets  to  very  complex  structures.  In  these  rr.eas  u  r  em  ents  ,  all 
experimental  parameters  and  conditions  are  held  constant  except  for  the  extent 
of  aggregation  of  the  filler  particles,  '[’he  aggregated  systems  are  characterized 
by  the  number  of  particles  per  aggregate.  The  inter -part tele  forces  are  of 
sufficient  magnitude  that  the  extent  of  aggregation  is  constant,  independent  of 
shear  rate  in  the  viscosity  measurements. 

The  concentration  range  for  suspensions  can  best  be  considered  in  three 
segments:  infinitely  dilute,  moderate  (to  about  0.^5  volume  fraction  filler),  and 

7 

highly  concentrated  (0.  Zb  to  the  maximum  volumetric  packing  fraction).  Einstein 
derived  the  equation  for  the  viscosity  of  a  suspension  of  non-interacting  rigid 
dispersed  spheres  at  infinite  dilution.  Most  of  the  theoretical  equations  in  the 
literature'  for  finite'  concentrations  are  based  on  his  result,  and  usually  are 
pre-sented  with  supporting  data  obtained  concurrently  or  with  an  analysis  of  several 
sets  of  data  from  the  literature.  These'  equations  predict  essentially  the  same 
behavior  at  moderate  concentrations,  hut  very  divergent  behavior  at  high  concen¬ 
trations,  In  all  the  theejries  inter-particle  interactions  are  taken  into  account, 
implicitly  or  explicitly,  at  high  concentrations. 


H 

till!  ex  pi  e  «  I*n-i  :«!**  appiep.'ted  ,‘|  V  .-I  ( e  Ills  will'll  111  e  as  II  I' 1  n  p  llir  \ISCosllv  nl 

|u>  I  y  s  I  V  i'  en  •'  latex  ;i  m  s  ( >ens  i  i  him  .  Mr  nli.'ifivi'il  llir  extent  ol  app repat  inn  with  .in 

*» 

ii|)tie,i!  inli'  rntirn)ic.  ily  i  nt  r  o<  I  m  l  n  p  ,i  n  m  xl  i  1 1  e  .i  1 1  ■  >n  ill  the  equation  nl  h  rinknuii 
lie  could  aeeiMint  for  the  results  t  li  eo  re  I  i  e  ,i  I  I  y.  1  l  i  s  primary  .  oik  Ills  i  on  is  lh.it 
the  Kinsteill  i  •  uef  t  ie  i  en  t  increases  .is  .i  him  (ion  of  (fie  tmmher  o(  pa  it  ie  I  ex  per 
a p p  r  epa  I  e,  I  l  i  s  i  i*r  .1  s  u  rein  en  t  s  were  e  .  i  r  r  i  e<  I  out  in  the  mnilri.ite  c one  e  nl  r a  1 1  on 
ranpe. 


(  ii.lH‘1  he, I  (is  in  ,1  highly  viseous  fluid,  Aroelor,  were  seleeteil  for  the  measure- 
ments  here  hee.ui.se  the  system  c.in  s»  rve  .is  .i  useful  model  tor  i  onipositr  m.ileri.ils 
In  addition,  the  spherical  shape  and  surface  of  plans  can  he  a  re  u  r  a  I  e  ly  i  ha  r.nie  ri  z.e< 

Viscosities  for  dispersed  and  apprrpated  systi  ms,  with  e  one  en  t  ra  t  ions  as  hipti  as 

1  0 

0.  r>  d  volume  fraction  solids,  are  shown  to  fit  the  Mooney  equation  over  the 

entire  e  one  ent  rat  ion  ranpe,  if  the  Kinstein  coefficient  is  increased  for  the  appre- 

8  , 

paled  system  as  suppested  hy  (liUespie  .  One  ot  tin*  jiarameters  in  the  Mooney 
equation,  as  in  most  theories  tor  viscosity  of  moderate  and  hiph  concent  rations 
is  the  maximum  volumetric  packinp  fraction,  $  Accordinply,  measurement;* 
of  $  were  carried  out  under  several  conditions. 


1','xpc  rimento.l 

"T*> 


A  roc  I  o  r 


,  a  chlorinated  biphenyl,  is  a  Newtonian  fluid  with  a  viscosity  of 

(»>) 


68  poises  arid  a  density  of  1,8)8  pm/re  at  Zri”  (i.  The  plass  heads  were  frac¬ 
tionated  to  obtain  a  narrow  particle  size  distribution  for  each  size  ranpe.  The 
metal  which  is  normally  found  iri  plass  heads  with  diameters  less  than  7  0  M  was 
carefully  removed.  The  heads  were  cleaned  in  refluxinp  is  op  ropanol  and  vacuum 
dried  at  1  8  0°  C  to  remove  arlsorhed  water.  They  were  classified  in  four  size 
ranpes  as  indicated  in  Table  1, 


(a)  1  .pc  IdS-J,  manufactured  hy  Monsanto  Co.  ,  St.  I, .mis,  Mo.  6)166 

(h)  Soda-lime  type,  obtained  from  Microbead.s  Hiv.  ,  Cataphote  Corp.  , 
.lac ks  on,  M iss  i  ss  i  ppi . 


1 1. 
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TAIU.K  I 


I’Ai;  ri c  'i.i-:  si/  !•:  imstkiiu  t tion 


e  1  >  i  .  m  1 1  '  e  r 

Range 

id  S  i  j 

Oh  p 

o  ()  - 

1  OS  P 

h  1  M 

•IS  • 

(-0  P 

M  M 

1  M  - 

V.  p 

7  p 

5  • 

1  0  P 

(hr  1 1 1 1 )  c  >  \\  i  n  g  t  ec  h  n  1  qu  e  was  <1  i  •  \  e  I  >  >|  >< si  lor  making  age,  i"  <  •  ^  i‘S,  Heads  oi 
.1  certain  si/.e  r,ini;r  wr  re  poured  into  a  Vyeor  vessel  containing  lar^c  glass 

la's 

spheres'  ,  ten  times  larger  in  diameter  and  of  a  different  composition  than  the 
former  heads.  Hy  vibrating  the  container  with  a  mechanical  generator  the  small 
brads  settled  into  the  inlersitial  sites  of  the  larger  spheres.  The  mixture  was 
heated  to  6.15“  C,  maintained  at  this  temperature  for  six  hours,  and  allowed  to 
o  ol  slowly.  I’hr*  points  of  contact  of  the  small  spheres  fused  together,  while 
the  larger  spheres  would  not  fuse  together  or  to  the  smaller  spheres.  The 
aggregates  were  separated  by  passing  the  mixture  through  a  series  of  Tyler 
sieves,  A  very  sharp  distribution  in  the  average  number  of  particles  per  aggre¬ 
gate  ‘could  he  obtained  f rom  each  of  the  sieves,  as  was  .determined  from  obser¬ 
vations  with  an  optical  micros  -ope.  An  example  of  the  type  of  distribution  that 
can  he  obtained  is  given  in  Table  II  for  aggregates 

made  from  heads  of  95  p  average  diameter.  _ _ _  _ ..... 

1  ’hotomie  rographs  of  singlets  used  for  the  ...  ....  Cgg.'"- 

agg  regate.s  are  shown  in  Figure  1  for  the  beads 

before  and  alter  the  initial  classification  by 

I  r.u  1 1  oiia  t ;  on.  Kxamples  of  aggregates  with 

.in  averagi  of  i ,  1.5,  and  7  particles  per 

aggregate  are  shown  in  Figure  Z. 

(a)  Frown  banum  type,  obtained  from  Mallotini  Ihv,,  Potter  Bros.,  Inc. 
Carlstadt,  New  Jersey,  07070 


-  I  (>(> 


1  1 1  >m  1 >g  cn  runs  suspensions  of  the  <1 1  s  pc  rs  ed  and  agg  rega  ( « ■ « 1  sysii'inn  were 
j  >  r<  •  pa  i\‘i  i  l>v  l  Ml  rodm  ini;  (fir  Arm  fur  into  ,i  container  with  (fir  cleaned  beads 
tnuicr  v.u  ii'ns.  Ihr  density  of'  the  heads  was  pn/n  ,  and  for  f!ir  experi¬ 

ments  icpoi  lol  here  (fir  settling  rate  of  tin-  brads  m  Arm  lur  is  n  <  *g  I  i  pi  b !  r 
red  |o  (fir  time  of  the  rxpr  ri  mrnf. 

(a 

Visi  os  1 1  v  iniMSiirtMiicnls  were  oblainrd  at  dS0(,  using  a  ( .oucf  tc  v  i  s  cot i  icf  e  r 
with  a  iiiiniinmn  shear  rate  of  0.  t  so:’1,  The  srparalion  of  fl;<>  inner  and  outer 
walls  ol  (In-  viscometer  was  0.  S  S  cm.  Thus  the  ratio  of  the  filler  particle  s  i /a: 
to  separation  distance  was  much  less  than  unity,  and  correction  factors  for  such 
size  effects  are  negligible.  Temperature  control  was  maintained  by  pumping 
fluid  from  a  hath  to  a  chamber  surrounding  the  vseosity  cell.  The  hath  was 
regulated  to  within  t  0.  05"  (h 

Values  of  the  maximum  volumetric  packing  fraction  were  obtained  by  centri¬ 
fuging  the  homogeneous  suspensions  and  determining  the  sedimentation  volume. 
Results 


Viscosities  as  a  function  of  volume  concent  ra  t  ion,  $ .  of  filler  have  been 
obtained  foi  dispersed  systems  with  average  panii  le  sizes  of  RS  U,  SI  (J,  and 
<L‘\  M.  All  ol  these  systems  exhibit  Newtonian  behavior  except  at  the  highest 
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I  K  is  defined  as  th<  Kmslein  <  oeftu  lent. 
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Figu  re  4  Reiuti  Viscosities  of  1  )is  pe  rs  ed 
(it  iss  Nphe  res  in  Arm  ior  is  ,i  Function  of 
Volume  (ionrenl  tuition  for  Three  Average 
Particle  Diameters,  d:  if  -  9  5  U ,  0  ;  <1  _ 

hi  pi,  f;  and  d  -  .44  M,  h.  The  Smooth  Curve 
is  a  Clot  of  tlie  Mooney  equation: 


**1>  (■ 


1  - 1 .  4'f 
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Aggregates  made  of  the  95  M  spheres  were  used  for  the  completed  viscosity 
measurements  of  aggregated  systems.  The  smallest  aggregate  size  selected 
had  an  average  of  three  particle^  per  aggregate.  For  this  system  a  non-fir.ear 
behavior  of  shear  stress  as  a  function  of  rate  of  «ht-a  r  first  detected  at  a 

concentration  of  about  $  -  0.  Z0,  although  viscosities  could  be  fairly  accurately 
determined  for  concentrations  as  high  as  $  =  0.  47.  These  results  are  shown  in 
higure  4,  It  can  be  seen  that  the  slope  at  the  lowest  concentrations  is  greater 
than  the  slope  for  the  singlet  measurements. 

Figure  1  Relative  Viscosity  of  Aggregated 

Spheres  in  Aroclor  as  a  Function  of  Volume 

Concentration  for  Two  Sizes  of  Aggregates: 

4  Particles  per  Agg  regate,  O  ,  and  4.5 

Particles  per  Aggregate,  (7),  The  Smooth 

Curves  are  Pi. Us  of  the  equation: 

k  , 
y  6 

" r  =  '  '"'i' 

where  (1)  corresponds  to  k  -  g.  5  and  s 

1  .  4  (dispersed  system);  (df'co  r  responds  to 

k  =  4.  fi  and  s  =  1.  h;  and  (3)  corresponds 

t  o  k  -  4 .  8  ;;  nd  s  r  !  .  8 . 
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V  I  ;i  i  t  i  I  v  inr.iMii  rrmclllii  "I  .  < »;  > '  i  «  i'.i  I  ri!  y  s  I  e  m  s  ui'h  ,t  higher  ,ivc 
nnmlirr  nl  ||.|  I  I  |I  Ii'.m  per  .1  gp  rri;,i  1 e  were  more  (llttiti.lt  to  obtain,  For  .1 g  p  ft  ■  g.l  t  cm 
.villi  .ill  .1  v  o  i’.i  pe  hi  1 ,  b  particles  per  appreputc,  the  hiphest  concentration  tli.it 
could  lie  ir.  I  to  attain  meaningful  result.*!  vv  1*1  £  ..  0.  IS,  and  in  this  case  only  .1 
lower  limit  could  lie  pi. iced  oil  the  value  of  viscosity.  ilowever,  tin-  viscosities 
'or  .lip;  rebates  of  this  si/.e  j.rovidi'  a  measure  of  the  hehivior  at  the  lower 
1  on  1  -  lit  ra  l  i oils. 

Values  ot  the  maximum  volmiieti  u  packing  traction  were  obtained  in  .lie, 
water,  and  Aroclor,  as  indicated  in  I'alde  til  and  Fi  .-tire  S. 


114*1 


*vi  mo  Tim  1  /  «  jMxiatr  ( 


Fij'.ure  S  Maximum  Volumetric  .1  kicking 

Fr.aliiin  of  Aggregated  (Hass  Heads  in 

Ail'd),  Water,  |  ,  and  Aroclor,  A, 

1'lotted  as  a  Function  of  the  Average 

Number  of  1 'articles  per  Approbate. 

Straight  hinen  were  Drawn  Through  the 

Fxnernnenjil  Values.  The  Value  of  ^ 

1  >n 

in  Aroclor  for  l.b  I’articles  per 

Aggregate  was  Obtained  by  (extrapolation. 


Discuss ton 

The  results  shown  in  Figures  t  and  1  i  le.irly  indicate  that  the  slope  of  the 
relative  viscosity  versus  concent  rat  ion  curve  at  low  concent  ration  in  reuses  with 
the  extent  of  approbation.  The  Finstein  relation  for  dispersed  non-interacting 
spheres  in  a  suspension  redives  at  infinite  dilution  to 

n  -  I  +  Z. b  $  .  (Z) 

r 

This  predicts  a  slope  for  the  dispersed  case  >f  Z .  b,  and  this  holds  for  the  data 

8 

presented  her*  .  (iillespie  accounted  toi  apprepat  ion  by  modifying  the  Fmsiein 
<  oel  I  i i  i  (  nt  to 


when  o  >s  the  average  number  of  particles  per  app repate.  This  rives  values 
of  k  j,  eipi.i)  to  |t.  6  ami  3,8.  for  app  repates  with  an  average  ot  three  and  1,  S 
pa  r  t  ii  I  es  .  res  pec  t  i  vc  1  y . 


The  'mIiii1  ''I  ft  in  equation  (I)  w.m  de;,c  ribed  l>v  Mmiilry  as  .ill  i'X|»'  riiiinil  ni 

1 1.  t'.i  i'i  if  t  <•  r ,  but  il  in  norm. illy  olf  n  1 1 1 1  »-il  us  (lie  i  m  <  i  s  <•  of  (hr  maximum  volmm'l  ni 

i 

I  i,i  i  k.  i  n  g  I  r.ii  him,  II  h.i  s  !>  •  ■  r  n  .shown  I  ii.i  I  .1  v  .1 1 11  <■  of  1  1  .  4  g  iwh  t  lie  hint  fit  1  if 

Hrvri'.il  m'Ih  of  1'  x  |  it-  r  i  10  t>n  l.i  I  d.il.i  in  (lie  lif  , -attire.  This  v.iliif  ol  s  would  j  >  ;•«•  1 1  i «  t 

,1  value  ol  -  0.71.  Iluwfvrr,  Ihf  maximum  v n ! u r  11  e  1  r ic  packing  fraction  for 

m  i 1 , Id, I  < 

spheres  in  air  has  been  determined  by  a  nuiohcr  of  worker, a  as  ranging 

II  I  ‘1 

Iroin  (1.  lo  0.  (>4.  Robinson  and  I.amifl  !  av  r  nif.i  iinrrd  *  m  conjunct  ;<'n 

in 

will)  (heir  viscosily  data  and  obtain  values  i  :i  liie  range  0.  <’>().  If  is  not  obvious 

I  1  .  in  1  Mooney's  develonment  that  s  must  lie  the  inverse  o(  $  ,  ,Uld  further,  the 

in 

data  presented  here  alone,  with  the  reference  cited  above  indicate  that  a  value  of 


.  I  docs  g  1  v e  a  vis 


y  good  lit  fo  i-  11  of  ii  .poised  systems.  The  values  of  $ 


for  Arorlor  listed  in  Table  III  were  used  to  del  mime  v, lines  of  s  .according  to 


the  following  expression: 


s  (aggregates) 


$  (dispersed) 

in  .11 

*m  (aggregates) 


and  are  included  in  Table  III. 


Tiles  e  values  of  s  alone  with  the 

o  I  AM  f  III 

values  of  k  ,  determined  from  equation  m*<mi«viiiuuiiik  i*uim,i»»iiioh 

(f)  we  r-  used  in  equation  (1)  to  compute  n.,-*..  ..1 

'  A  -  WyT,,  *.0  U  I.  ••»-(.  * 

thr  sn;'»oth  curves  *>f  /J.  'These  i*  ■  **  ^  >y  14 

»  (*'■  y  *>1  10 

curves  prrdiri  <i  hrlwivior  whirh  is 

4  S  /  W  « 1  *  ‘  I  B 

slightly  greater  than  the  experimental  ,  v  45 

me.isuri'tr  .  with  the  three  particle  . 

•*  Obtained  bp  (  .  lioptdot  ■!»« 

a  gg  rcpites  ,  and  slightly  less  than  the 
results  with  the  4.  5  particle  aggregates. 

Isx  pc  r  1  n  1  e  nial  1  y  one  often  finds  that  particles  tend  to  stick  together  or  agglom¬ 
erate  as  particle  size  is  dec  r<  ad.  j  ’rel  i  mi  na  r  y  viscosity  results  of  dispersed 
spherts  in  the  range  5-10  M  indicate.!  similar  behavior  to  that  obtained  with  the  larger 
spheres.  If  agglomeration  did  become  apparent,  similar  behavior  to  that  detected 


t lii<*it*,  "I  *  *«  >  ’>{»•  • 

f*  »♦!*  A’’  ^y’*i  *»'••  I.ii  <■  1<(. 

i*  m  6J  .v»  1  * 


nhp..i*d 

(  'b>oi'»d  br  (  *  tiopolo*  ■ 
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for  the  agg  regtited  systems  would  be  expected. 


I  !  I) 


Presertlv  expo  rimrntu  are  tiring  carried  out  to  cuiihI  rucl  aggregates  from 
Hmallcr  kuc<I  spheres  than  the  ‘I1!  H  heads  since  the  smaller  size  may  eliminate 
«  omr  of  flic  e?:pe  rimental  difficulties  encounfe  rod  in  the  viscosity  nicaHiirniicntH 
wi.h  the  a  g  g,  regales  of  (lie  larger  sized  lie, ids. 

It  ran  h  ■  r  one  hided  from  this  .vnrk  that: 

1.  Viscosity  measurements  for  (iis  pe  rs  ed  sjiheres  in  suspension  ran  be 
[ire  iirted  over  the  entire  omrcntt  anon  range  by  the  Mooney  equation: 

Z.  i  article  size  effe<  is  in  dispersed  systems  for  the  range  (5  gt  -  1  0(1  H) 
are  not  apparent  in  the  m  eas  u  rcinontH  of  the  relative  viscosity. 

3.  Viscosity  measurements  for  aggregated  systems  can  be  predicted  by 
the  Mooney  equation  if  the  Kins fe in  coefficient  is  increased  according 
t  i  equation  (3)  and  values  of  s  are  calculated  from  maximum  volumetric 
packing  data. 
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FOCYM  F.R  -  FI  1 . ! ,  C  R  I N  T  H  RAC  'HONS  IN  COM  COS  II' HS  (I).  Or  onto  and 

A,  T.  Di  Bem-det  to) 

Considerable  effort  has  gone  into  studying  (hr  nature  of  <  il  1  e  r- r  nujile  r  - 
polyine r  interfaces  because  of  the  strong  influence  interfaces  have  on  the 
physical  properties  cf  composites.  Much  of  <his  work  is  on  model  systems 
under  ideal  treating  conditions.  From  su<  h  work  has  come  an  unde  r  standing 
of  the  types  of  bonding  possible  in  various  filler- coupler-polymer  comhinatiom* 
and  a  feeling  for  the  conditions  required  for  optimum  properties. 

In  spite  of  the  oxtenss  /e  disagreement  :n  the  literature  as  to  actual  mechanism 
of  coupling  action,  several  basic  conclusions  are  agreed  upon  by  almost  everyone: 

1.  Structures  that  contain  non -adhe  ring  phases  behave  differently  than  those 
with  adhering  phases. 

Z.  Couplers  are  used  in  order  to  promote  a  continuous  adhesive  structure 
through  the  phase  boundaries. 

3.  M'he  extent  of  interaction  between  phases  is  a  highly  specific  phenomenon, 
determined  by  the  nature  of  the  interacting  surfaces  and,  in  many  cases, 
the  way  in  which  they  are  brought  together. 

•1.  In  order  to  achieve  interaction  between  phases  it  is  necessary  for  the 

interacting  components  to  come  into  molecular  contact  with  one  another. 

It  is  generally  recognized  that  when  specific  components  arc  mixed  together 
in  a  complicated  fabrication  process ,  unexpected  events  can  often  occur  which 
place  doubt  on  die  nature  (or  reliability)  of  the  finished  composite.  Thus, 
mechanistic:  laboratory  studies  on  model  systems  do  not  always  relate  to  the 
l<e  i  fo  rm  anc  e  lev<  1  of  a  specific  composite  material. 


!  - 


The  main  objective  of  this  study  is  to  develop  relatively  .simple  physical 
property  measurements  on  ,i  fah  ricat  eil  mmpositr  material,  that  can  lie 
interpreted  in  terms  of  the  extent  of  interaction  between  the  constituents  of  the 
material.  These  experiments  are  not  aimed  at  determining  the  mechanism  of 
interaction,  but  rather  are  designed  to  quantify  the  extent  of  the  interaction 
and  to  determine  what  effect  the  interaction  has  on  the  performance  of  the 
mate  rii  .. 

Our  study  is  based  on  the  assumption  that  if  there  is  interaction  between 
a  filler  and  a  polymer  matrix,  the  molecular  properties  of  the  polymer  matrix 
will  be  affected.  The  nature  of  the  molecular  change  will,  of  course,  depend 
specifically  on  the  type  of  interaction  involved.  A  chemical  reaction  between 
the  constituents,  for  example,  can  change  the  chemical  constitution  ami  average 
molecular  weight  of  the  polymer  phase.  A  strong  adsorption  of  polymer  on  the 
filler  surface,  on  the  other  hand,  may  merely  change  the  mobility  and  flexibility 
of  the  polymer  chains.  In  any  specific  composite  system,  it  is  likely  that  more 
than  one  phenomenon  may  occur  that  can  change  the  properties  of  the  polymer 
molecules. 

The  important  point  is  that  the  physical  properties  of  the  matrix  material 
in  the  composite  are  not  necessarily  the  same  as  those  of  the  pure  unfilled 
material.  It  follows  that  if  one  makes  a  composite  in  which  a  significant  fraction 
of  the  polymer  is  in  contact  with  a  filler  surface  and  if  the  polymer  strongly 
interacts  with  the  filler,  the  degree  of  interaction  (regardless  of  mechanism) 
should  manifest  itself  by  changes  in  the  thermodynamic  and  viscoelastic  proper¬ 
ties  of  the  matrix, 

Expe  ri mental  Frog  rain 

Two  experimental  techniques  are  described  in  this  paper.  The  glass  transition 
temperatures  of  composites  were  measured  using  a  DuPont  9  00  Differential 
Thermal  Analyzer  (DTA).  The  basic  idea  is  to  supply  thermal  energy  to  both  a 
sample  and  an  inert  reference  material.  The  tempo  ”a*u  re  difference  between 
sample  and  reference  is  recorded.  When  a  sudden  change  in  specific  heat  or 


thermal  conductivity  of  the  .samj>lt‘  occurs  (such  ,ih  that  occurring  at  the  glass 
transition  temperature  of  the  polymer),  .1  change  in  the  heating  rate  between 
-sample  and  reference  occurs,  which  marks  the  transition  temperature  of  the 
material. 

Dynamic  moduli  and  damping  capacities  of  the  composites  were  measured 

1  .  .  .  , 

using  a  freelc  oscillating  torsion  pendulum  .  A  schematic  diagram  is  unown 
in  Figure  1.  '1'he  basic  idea  is  to  impose  a  sinusoidal  torsional  strain  on  the 

1  Stationary  Sample  Clamp 
Z  Movable  Sample  Clamp 

3  Polymer  Sample 

4  Moment  of  Inertia  Member 

Fig, lire  1  "l'h <?  Simplified  Functions 
of  the  Torsion  Pendulum  Indicate 
that  this  Instrument  is  Primarily 
used  for  Constant  Frequency 
Meas  urements. 

composite  sample  by  means  of  an 
inertia  disc  and  measure  the  frequency 
of  oscillation  and  its  decrease  in 
amplitude  with  time.  From  this  data 
one  may  calculate  storage  modulus, 
loss  modulus  and  damping  capacity  .  Two  composite  systems  have  been  chosen 
for  study: 

Phenoxy  PKHH*,  a  thermoplastic  with  repeating  structure  of 
t  0-CtH4-C  -  (CHj)^ -C6H4-Q-CHz  -CH(OH) -CHz  4  and  a  molecular  weight  of  about 
31,  OOO,  was  filled  with  an  attapulgite  clay,  Attagel  40,**  which  had  a  rod-like 

O 

morphology  and  an  average  ultimate  particle  size  of  ZOO  A  diameter  and  1  micron 
in  length.  The  actual  BET  surface  area  of  the  filler  is  Z10  nf/gm. 

*  Tradename  for  a  phenoxy  resin  made  by  Union  Carbide  Corporation. 

**  Tradename  for  a  -lay  filler  made  by  the  Attapulgus  Clay  Products  Company. 


1  M 


K|.mui  ](!i  a  thermoplastic  epoxy  monomer  with  ,1  i.l  niilin'r 

{(cib  -  cH-cir,-()-c;6HJi)i.r;ii>,  and  .in  ,ivr  r.i)1!'  molecular  weight  o(  aluxit  /  00 

V/ 

to  800  (some  dimer  is  present  in  ninteri.il),  also  was  filled  with  Attagei  ID  clay. 

Till'  phenoxy  composite  specimens  were  prepared  hy  dissolving  the  polymer 
in  a  solvent  mixture  of  4  0%  acetone,  40%  toluene  and  <d()%  hutanol,  and  slurrying 
the  as-received  filler  in  the  solution.  After  sonificat  ion  ot  the  slurry,  the 
solvent  was  slowly  evaporated  and  then  the  composites  were  placed  in  a  vacuum 
oven  at  1  L  0°  C  for  I  00  hours.  The  resulting  powders  were  then  compression 
molded  into  4  x  0.  5  x  0.  CMS"  bars  at  3  000  psi  and  1  00-  1  L  0°  C.  7  tie  Upon  10.3  1 
composites  were  made  in  a  similar  manner,  hut  the  solvent  was  acetone. 
Experimental  Results 

Figure  l  shows  that  the  addition 
of  attapulgite  to  Epon  1031  causes  a 
marked  increase  in  the  glass  transi¬ 
tion  temperature  of  the  matrix.  This 
increase  is  a  manifestation  of  a 
strong  interaction  between  the  two 
constituents;  the  matrix  material 
has  considerably  different  properties 
after  the  addition  of  the  filler.  There 
are  several  potential  mechanisms  that  can  be  used  to  explain  this  interaction. 

One  possibility  is  that  tin'  filler  surface  can  act  as  a  catalyst  for  the  polymeriza¬ 
tion  of  ttu*  monomeric  material.  An  inc  .  ease  in  molecular  weight  could  explain 
the  increase  in  Tg.  Anothi  r  possibility  is  that  a  significant  portion  of  the  monomer 
is  strongly  adsorbed  on  the  tiller  surface,  thereby  decreasing  the  mobility  and 
molecular  flexibility  of  the  molecules.  Further  experimentation  is  required  to 
distinguish  between  these  or  other  mechanisms. 


>  . 
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Figuiu 


The  presence  of  the  Filler 


in  the  Epon  !  03  1  - Attagol  Composite 
Results  i’i  Major  Shifts  of  the  Glass 
T  runs  it  ion  Tempe  ratu  re. 


*  Tradename  for  an  epoxy  resin  made  by  Shell  Chemical  Company. 


Figu  re  i  .shows  t  Ii.it  Hie  .uldition  of 


Figure  i  The  Glass  Transition 
Tempe  rain  re  of  the  Phenoxy 
)  JKIIH -Attagel  Composite  is 
I, ess  Affected  by  the  Presence 
of  tin*  Filler. 


.1 1 1  apu  1/;  i  t  e  to  the  phenoxy  res  tn  also 
causes  an  increase  in  the  glass  transition 
temperature.  In  this  case  the  change, 
and  therefore  the  extent  of  interaction, 
is  smaller  than  with  the  Fpon  1  (H 1 . 

The  torsion  pendulum  was  used  to 
determine  whether  these  interactions 
would  also  manifest  themselves  in  the 
viscoelastic  properties  of  the  matrix. 


The  uric  r  os  a  1  inked  Epon  10.11  system  could  not  he  studied  because  the  low 
molecular  weight  material  was  too  hi  ittle  for  mechanical  testing.  If  work  on 
this  system  is  continued,  the  matrix  material  vdl!  have  to  be  lightly  crosslinked. 
Figures  4  and  5  show  the  dynamic  test  results  for  the  phenoxy -attapulgite 
compos  ites . 


The  shear  moduli  and  loss  moduli  near  1  00°  C  show  the  same  shift  in  the 
glass  transition  temperature  as  was  found  with  the  DTA,  At  the  transition 
temperature  of  the  pure  polymer,  the  onset  of  rapid  viscous  flow  causes  a  near- 
inlinite  rise  in  the  damping  capacity  of  the  material.  The  addition  of  twenty 
percent  attapulgite  suppresses  this  peak  somewhat  but  viscous  flow  again  pre¬ 
dominates  at  a  temperature  that  is  a  few  degrees  higher  than  for  the  pure  polymer. 
At  thirty  percent  filler  concentration  the  flamping  peak  is  relatively  low  and  a 
definite  maximum  is  observed.  Thus,  the  composite  is  beginning  to  exhibit  some 
strength  above  the  glass  transition  temperature.  This  is  tin*  kind  of  behavior 
one  would  expect  f**om  a  crystalline  or  lightly  crosslinked  polymer. 

Low  ternperatu-e  peaks  at  -67 °  C  in  the  loss  moduli  and  damping  rapacities 
are  also  observed,  indicating  a  secondary  glass  transition  for  the  polymer.  The 
peak  temperatures  and  the  shape  of  the  damping  curves  appear  to  be  independent 
of  filler  concentration.  The  relative  peak  heights  lor  the  damping  curves  are  also 
proportional  to  the  volume  fraction  of  filler.  Thus,  if  the  damping  capacities  are 
compared  on  a  unit  volume  of  polymer  basis,  the  damping  curves  may  be 


s  upe  rirnpos  ed. 


-176- 


Figure  5  The  Mor  ge  Modulus 
and  the  Loss  Modulus  of  the 
Phenox.y  PKHH -Attagel 
Composite  Show  Substantial 
Increases  at  Higher  Filler 
Loadings. 


Figure  •!  The  Damping  Capac 
of  the  Fheno.xy  1  ’KI 11  i -A  I  tugel 
Composite  Indicates  that 
Smaller  Side  Groups  of  the 
Phenoxy  Molecule  are  Less 
Affected  by  the  Filler  than 
Larger  Ones. 


I  '  !  "  I  t 
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These  data  might  be  i  nl  e  rp  ret  ed  as  follows:  Tin-  low  trinpciMliirc  transition 
involves  specific  short  segments  along  the  polymer  cha  in.  The  flexibility  and 
mobility  of  these  short  segments  are  not  strongly  .lfteeted  hy  the  pres  enre  of 
filler  surface  and  thus  the  portion  of  tin-  relaxation  spectrum  associated  with 
these  motions  is  not  significantly  changed  hy  the  presence  of  filler.  The  higher 
temperature  transition,  on  the  other  hand,  involves  the  flexibility  and  mobility 
of  larger  segments  of  the  polymer  c  hains  The  shift  of  the  glass  transition 
temperature  and  the  decrease  in  viscous  dissipation  per  unit  volume'  of  polymer 
leads  one  to  believe  that  the  longer  range  chain  flexibility  and  mobility  arc 
inhibited.  In  other  words,  the  relaxation  spectrum  in  the  longer  relaxation 
time  region  is  shifted  to  still  longer  times  because  of  the  presence  of  the  filler. 

A  physical  picture  of  a  polymer  chain  being  adsorbed  at  a  few  points  along  the 
chain  and  forming  loops  hack  into  the  bulk  of  the  polymer  matrix  is  consistent 
with  the  data.  It  should  be  pointed  out  th.it  this  latter  description  of  the  polymer' 
morphology  at  the  filler  surface  is  purely  hypothetical  but  is  at  least  consistent 
with  what  has  previously  been  reported  in  the  literature  on  the  adsorption  of 
polymers  on  high  energy  surfaces. 

The  data  alsc  show  that  the  filler  increases  the  shear  moduli  of  the 
composites.  The  effective  reinforcement  in  the  glassy  state  is  close  to  that 
predicted  by  the  van  dor  Poel  equation  (5).  In  the  higher  temperature  region 
around  the  glass  transition  point,  the  storage  moduli  of  the  compos  ites  decrease 
with  temperature  at  a  faster  rate  than  does  the  storage  modulus  of  pure  phenoxy. 
This  might  indicate  that  the  effective  reinforcement  in  the  rubbery  state  is  less 
than  in  the  glassy  state,  which  could  he  a  manifestation  of  poor  adhesion.  To 
investigate  this  possibility  data  will  he  taken  in  the  rubbery  region. 

Cone  1  us  ion s 

The  measurement  of  glass  transition  temperature,  dynamic  moduli,  and 
probably  any  other  property  which  depends  primarily  on  the  flexibility  and 
mobility  of  the  polymer  molecules,  can  he  used  as  a  quantitative  indication  of 
the  extent  of  interaction  between  a  reinforcing  tiller  and  a  polymer  matrix. 


Additional  expe  r  ime  nl  .it  ion  is  required  t  i  sort  out  the  v.ii'ioius  inrrh.msm.'i 
for  these  i  nt  <•  rat:  t  ions «  Work  will  continue  on  relating  jihysie.il  j>  rojiert  ioi  of 
composites  to  the  extent  of  interaction  between  constituents. 
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In  many  cases  it  would  be  convenient  to  be  able  to  make  composite  materials 
which  could  be  fabricated  at  hi |»h  temperatures  as  homogeneous  melts  from  which 
a  rigid  reinforcing  phase  develops  as  the  system  is  cooled  down  to  the  solid  state, 
A  possible  way  of  achieving  this  goal  would  be  to  use  mixtures  of  rigid  amorphous 
polymers  and  low  molecular  weight  organic  compounds,  which  are  soluble  in  the 
polymer  at  high  (fabrication)  temperatures  and  which  become  insoluble  and 
crystallize  out  of  the  viscous  melt  as  the  temperature  is  lowered.  Thus,  the 
well-known  difficulties  of  processing  and  fabricating  filled  systems,  especially 
those  containing  fibrous  fillers,  would  be  avoided.  In  addition,  such  techniques 
offer  the  possibility  of  controlling  crystal  morphology  and  orientation  to  a  degree 
not  possible  with  conventional  fabrication  techniques  involving  the  flu  ■/  of  tit  led 
polymer  melts. 

Mixtures  of  organic  compounds  and  high  polymers  offer  possible  an  .  we  rs  to 
a  numbi  r  of  important  sc’.entific  qu<  .tions  in  addition  to  those  mentioned  above: 

1.  What  is  the  mechanism  and  rate  of  crystal  growth  of  organic  compounds 
from  viscous  liquids? 

Z.  What  changes  in  morphology  of  t li ♦  •  crystalline  phase  are  possible? 

3.  What  are  the  elastic  moduli  of  small  organic  crystals'*  Do  such  crystals 
offer  tin-  possibility  of  <«  ting  as  good  re  inf  rr  mg  tillers  in  the  same  way 
as  single  t  rystal  wh, sixers  of  inorganic  materials'* 
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Two  workable  systems  have  been  Intnnl  and  (heir  phase  ( l  i.i  g  r.i  m  m  deb  tintned. 

( J  r  y  s  I  a  11  i  za  t  i  oil  kinetics  and  crystal  morphology  have  been  determined  under  a 
variety  of  conditions  tor  crystals  |;n'wn  from  very  viscous  polymer  melts. 

Dynamic  mechanical  properties  ot  such  two -component ,  two-phase  systems  have 
been  measured.  It  aj>j>ea  rs  that  the  elastic  moduli  of  organic  crystals,  which 
are  held  together  by  Van  der  Waal's  forces,  are  about  the  same  aw  the  moduli 
of  organic  polymers  in  the  glassy  state  rather  than  the  higher  moduli  associated 
with  inorganic  single  crystals. 

Criteria  for  System  Selection 

In  choosing  the  polymer  matrix  and  the  low  molecular  weight  (LMW)  compo¬ 
nent  to  he  selectively  c  rys  talli/.ed,  the  following  criteria  must  be  considered: 

(a)  Transition  Temperatures 

The  melting  point,  and  in  most  cases  the  dissolution  (fabrication)  temperature, 

of  the  l,MW  component  must  he  considerably  above  the  glass  transition  temperature 

(T  )  of  the  polymer  matrix  for  several  reasons.  First,  crystallization  cannot 

K 

occur  readily  from  the  glassy  state,  diffusion  being  much  too  slow;  second,  a  wide 
crystallization  temperature  range  above  T  permits  better  control  over  the 
crystallization  morphology;  and  finally,  the  higher  the  melting  point  is  above  T  , 

n 

the  lower  will  be  the  polymer  viscosity,  tlius  hastening  the  dissolution  process. 
Obviously,  the  dissolution  temperature  cannot  exceed  the  degradation  temp¬ 
erature  of  cither  the  polymer  matrix  or  the  I, MW  component.  The  LMW  component 
also  must  not  be  volatile  at  die  dissolution  temperature. 

( I ) )  S  o  1  u !  1 1 1  i  t  y 

At  the  fabrication  (dissolution)  temperature,  the  two  components  must  be 
completely  miscible.  !  ,oweve  i  ,  the  solubility  should  decrease  as  the  temperature 
is  lowered  so  that  the  LMW  component  can  crystallize.  Ideally,  the  LMW  com¬ 
ponent  would  he  100%  soluble  sluditiy  iboye  its  melting  point  and  insoluble  at  the 
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(i  )  I  leg.  t  ee  III  ['Unsolved  1  ’)  ,  i  Intel’.  I,  f  l  •  'i| 

in',  !  \  ,  i  ■  d  ,  | , ,]  ,i  i,  ,,  |  i  ,  , ,  to,n  In  t  a  ci-ti  the  dissolved  {  on  i  p,  in  id  (  s  is  i  e  r  t  a  i  nl  y 
ut'b  ■  i  i  . , ;  i  i  e  ,  ,  i  ri  i  "  '  t  would  alb,  •  the  matrix  p  t  o  j  a  i  1 1  es  in  ad  d  1 1  i  on  to  hindering 
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the  ;M  it  >:.  e  i  (lie  ii  I  <  i  \  :i  1 .  1 1  I  l  /. .  i  t  n  •  n  { ►  r  <  > »  ess,  An\  ullic  r  .sli'mie  i  nt  e  r  a  e  I  i  oils  who  h 
would  lend  lo  iinh'ir  e  r  vs  t  a  1 1  r/ a  t  i  on  in  (lit-  polymer  ul  the  d  i i  >1  w ;  i  on  teinpern- 
lure  1 1  o  ii  1 1 1  .lino  lie  avoided. 

Shut  t  <  >  I  ul>  1 1  i  I  v  and  iliriiili.il  mlriai  lion  data  arc  j  > :  u  '!  1 1  I  none \ I s  ( a  nt 

lor  ;IV',||'|||.'|  ol  this  I  y  |><  •  |  a  rail:,  idr  I'alilr  II  u  1 1  ll  >r  I  ol  c  oil  1 1)  i  II  . 1  ■  s  >  •  u  e  I'e  sr  li'i'IU'd 

u.iiiip  dillerenti.il  thermal  an ,  1 1  v  s  i  a  (DTA).  St  v  r  e  lie  -  a  e  r  y  I  on  i  I  r  i  I  e  c  o|  k  >!  v  l  n  e  r 
(S  AN)  was  iho.sen  as  the  matrix  lieeaii.se  id  its  pood  chemical  stability,  conven¬ 
ient  T  and  ability  to  rem  lin  amorphous  under  all  conditions  used.  The  SAN 

r. 

contained  .! .(>  wri^h*  pr  rrrnt  acrylonitrile  and  had  a  number  average  molecular 
weight  ol  about  f>0,  000.  DTA  showed  a  T  of  1  00  -  I  ().d  °  ( and  a  degradation 
temperature  of  about  .18  0"  O  for  the  pure  copolymer.  Of  sever  il  possible  I, MW 
compounds  (hereafter  designated  tillers),  acetanilide  and  anthracene,  whose 
physical  constants  are  summari/.ed  below,  were  chosen  to  combine  with  SAN 
giving  two  model  systems  which  fulfill  the  above  criteria  reason. d >  1  y  well. 


TAB  I ,  Is  I 

PHYSICAL  CONSTANTS  OF  II T  IS  J.OW  MOhKCUl.AU 
W  NIC  I  IT  C(  >MI  'OUNHS 


Ch em  i ea  1 

M  o  1  e  <  •  u  1  a  r 

Me  It  i  rig 

No;  i  1  Mg 

1  )  ti  s  i  t  y 

(  oi  n  p.  >u  ml 

I'T  >  i'll  l  ill  .1 

W  e  i  gh  t 

i  III  .. 

o"  (.: 

A  <  c  1  a  1 1 1  1  l  d  e 

c;i  !,c:onik  h. 

i  iS 

i  n  - 1  i  -r  < : 

inf0  f ; 

I .  1 

Anthracene 

c6n4(c;n).c6H4 

1  7  8 

d  1  (,"  c 

in o°  c 

1 .  7  " 

.Sample  Prr 

|ia  r.i t  ion 

A  rotal 

mg  hammer  mill  was 

used  to  g  r  l  nd 

(he  SAN  pc  1 1  e  t  s  , 

a  1  oilg  v  iti 

I  1 :  y  i .  ■  ■ 

io  prevent  softening,  into  a  fine  (80  mesh)  powder.  Both  the  SAN  and  filler 
powders  were  dried  overnight  a  t  8  0°  C  under  a  slight  v.icinun.  The  filler  arid 
polymer  powders  were  weighed  out  and  mixed  in  proportions  cal.  'dated  from  the 
densities  to  yield  the  desired  volume  fr.u  Imns, 
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Two  types  of  nji!  l  imt'ils  were  i  r«**|.  The  first  was  a  test -  ltd 
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mill. limn;.;  about  K  grains  ol  |iowilc  r  mixture.  The  lest  tubes  were  heated  m  an 
oil  bath  for  -I  hours  at  lf>0°C  lor  the  ar  <■  I  a  n  i  I  i  de  ami  al  ..()()"(,'  for  the  anlhrieene 
mixtures.  (Anth  tv.  uene  is  soluble  slightly  below  its  melting  point.)  Following 
complete  <  1  i •  -duuon  (he  sanijilc.s  were  quenched  in  liquid  nitrogen  to  prevent 
crystallization  and  give  a  hard  glassy  solid  solution.  The  high  volume  -  fraet  iort 
acetanilide  samples  were  stored  in  liquid  nitrogen  since  the  glass  transition 
temperature  of  the  SAN  was  depressed  below  room  temperature.  At  this  point 
the  samples  were  ready  for  use  in  determining  the  phase  diagrams  and  the 
crystallization  kinetic  s  for  both  systems.  The  second  type  of  sample  was  pre¬ 
pared  solely  for  dynamic  testing  and  will  lie-  described  below. 

Phase  Diagrams 

Phase  diagrams  of  the  two  model  systems  were  dele  rinined  for  use  in  guiding 

subsequent  crystallization  kinetics  experiments.  'each  phase  diagram  consists 

of  two  curves;  the  glass  transition  curve  where  T  of  the  polymer  matrix  is 
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plotted  against  the  volume  fraction  filler,  and  the  solubility  curve  where  the 
cryst  it  llization  temperature  is  plotted  versus  the  filler  volume  fraction  still  in 
solution  after  complete  crystallization  (equilibrium). 

(a)  Glass  Transition  Curve 

Seven  acetanilide  -  SAN  and  five  anthracene  -  SAN  test-tube  samples  we  re 
prepared  containing  various  filler  volume  fractions  from  0  up  to  0.  }  and  0.  C 
respectively.  At  higher  concent  rations  it  was  difficult  to  avoid  crystallization 
during  the  quenching  step.  After  quenching,  a  DTA  scan  was  run  on  each  sample 
to  determine  the  glass  transition  temperature. 

(b)  Solubility  Curve 

Several  sets  of  test-tube  samples  containing  dissolved  volume  fractions  of 
0.  3  acetanilide  and  0.  I  anthracene  we  re  prepared.  Finch  >et  of  samples  was 
immersed  in  an  oil  bath  at  a  chosen  temperature  and  allowed  to  crystallize 
isothermally.  After  two  to  three  days  of  isothermal  <  rysta  11  izat ion,  the  first 
simple  of  the  set  was  quenched  and  its  T  measured  with  DTA.  The  :  rnaining 


samples  were  allowed  In  remain  in  the  hath  Inf  one  more  day  after  which  aimllipr 
sample  was  i|ui'iirhi'tl  and  analyzed  with  |)TA.  This  step  was  re pea  I  ed  until  .1 
constant  equi  1  il>  r  turn  T  was  obtained.  The  amount  ot  I, MW  material  remaining 
in  solution  at  the  chosen  crystallization  temperature  was  determined  from  the 
equilibrium  T  v  ilue  and  the  glass  t  runs  it  ion  curve.  The  entire  procedure  was 
repeated  for  a  r.t  nge  of  crystallization  temperatures  and  .1  solubility  curve  con¬ 
structed  t  o  i'  each  system. 

Hulk  Crystallization  Kinetics 

Two  sets  of  test-tube  samples  were  prepared,  one  contain!  ,  1  volume 
f  r  tic  1 1  on  acetanilide  and  i  b  e  othe  r  0 .  Z  volume  f  r  a  c  t  i  on  a  n  t  b  r  a  e  e  n  e ,  J  lit*  following 
procedure  was  used  to  determine  the  increase  in  crystallinity  as  a  function  of 
time  at  constant  temperature. 

'ive  sample  1  were  simultaneously  immersed  in  a  the  rmos  tatted  oil  bath  at 

the  desired  crystallization  temperature.  At  regular  intervals  one  sample  was 

removed  and  quenched  in  liquid  nitrogen  and  its  T  determined  with  DTA.  The 

volume  fractions  left  in  ;  olution  after  each  time  interval  were  determined  from 

the  T  curve,  and  the  deference  between  these  values  and  the  initial  volume 
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fraction  yielded  the  crystallized  volume  fraction  or  crystallinity. 

Spec  itnen  f’ha  rac  le  rization 

(a)  Kiertron  Microscopy 

The  morj>hol  ogy  of  the  crystallized  phase  was  studied  using  elect  ron  micro¬ 
scopy.  Samples  crystallized  at  various  temperatures  were  quenched  in  liquid 
nitrogen  and  fractured.  1  ’latinum-carlicn  replicas  of  the*  fracture  surface  were 
then  made  and  examined  in  the  microscope. 

(b)  Dynamic  Mechanical  Measureim  Ms 

Special  samples  were  p  r<  pared  for  dynamic  testing.  A  large  excess  of  powder 
mixed  as  previously  described,  was  poured  into  a  1"  x  f/d"  x  !  '  l/>"  s  andwich  -  type 
mold.  A  heating  time  of  one  hour  at  1S0°C.  for  aeetanil  ido  and  ZOP°C  for  anthracene 
was  sufficient  to  dissolve  the  filler  crystals  in  the  polymer.  I'he  solution  was  than 
molded  under  !()00  psi  to  flush  out  the  excess  and  remove  voids.  Subsequent 


I  H  I  - 


quenching  in  liquid  nil  ro);i'ii  c.ui;'«‘d  severe  cracking  m  the  thin  sp'c  inn-ns 
.nuking  them  useless  for  dynamic  testing.  However,  cold  water  quenching 
gave  c  rack-free  samples  and,  at  the  same  time,  prevented  crystallization. 

After  molding  ana!  quenching,  the  rectangular  beam-shaped  specimens 
were  crystallized  is  othe  rmally  in  a  the  r  inns  t  a  tted  oil  bath  for  several  days 
while  still  in  the  mold.  Then,  following  a  cold-water  quench,  each  sample 
was  removed  from  the  mold  and  mounted  on  a  freely  oscillating  torsion  pen¬ 
dulum  .  Damped  oscillation  curves  were  recorded  at  1  cycle  per  Jocund 
throughout  a  wide  temperature  range  beginning  at  <M3°K  and  extending  through 
the  transition  of  each  sample. 

Phase  Diagrams 

(a)  Glass  Transition  (T  )  Curves 

'  '  '  u 

r, 

DTA  curves  for  quenched  samples  of  various  anthracene  concentrations  are 

shown  in  Figure  1.  A  noticeable  | 

|  ■! 

break  in  the  slope  occurs  at  T  . 

g  i : 

j\ s  the  dissolved  filler  volume  i  j. 

i  i  'i- "  __ 

fraction  increases,  the  T  break 

g  |  .. 

shifts  to  a  lower  temnerature.  1 
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Similar  curves  resulted  for  the 

acetanilide  system. 

The  effect  of  dissolved 

filler  on  T  is  summarized  by 
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Figure  1  DTA  Scans  at  Zb^C/Min.  of  the 
Anthracene  -SAN  System  at  Various  Volume 
Fractions  (V^),  Showing  the  Lowering 
Influence  of  the  Plasticizer  on  the  Glass 
Trans  i  tion  T empe  ratu  re. 


the  data  points  in  Figures  Z  and  3  ('I'  curve)  for  the  acetanilide  and  anthracene 
systems  respectively.  The  solid  lines  are  the  result  of  fifing  tin  following 
expression  to  the  data  points, 


a  ( i  -  v  )  T  +  a  v  T 

p  f  gP  f  f  gf 

c“7l- vT  +  a  v 

o'  f  f  f 


(1) 


where  f  and  p  refer  to  the  filler  arid  pure  polymer  respectively.  V  is  the  volume 


fraction,  and  Cl  is  the  linear  <  xpans  ion  ,  c»e  f ie  i  ent .  For  SAN,  CL 
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Figure  ^  Phase  Diagram  of 
the  Acetanilide  System 
Showing  the  T  ,  Curve  and 
the  Solubility  burve. 


Figure  3  Phase  Diagram  of 
the  Anthracene  System 
Showing  the  'I'  Curve  and 
the  Solubility  buirve. 


per  "C,  and  T  are  unknown  and  were  adjusted  to  fit  the  data  points.  In  the 
* 

case  of  acetanilide  Ot  =  1 8  x  1  0  5  per  °C  and  T  -  -63.  6°C.  Both  values  appear 

{ 

to  be  reasonable,  although  no  data  are  available  for  comparison. 

For  anthracene,  the  experimental  points  fall  nearly  on  a  straight  line.  In 

terms  of  equation  (1)  when  Ct  =  a  ,  the  linear  expression  T  =  V  T  +  V,  T  . 

f  P  It  P  HP  f  P1 

results.  Fitting  this  equation  to  the  data  resulted  in  a  T  ^  of  ■P1°C  for  anthracene. 

As  expected,  acetanilide  is  more  efficient  in  lowering  T  because  of  its 
lower  glass  transition  temperature.  It  is  interesting  to  note  that  the  empirical 
rule  predicting  a  glass  transition  temperature  at  about  <3/3  of  the  melting  temp¬ 
erature  for  unsym metrical  polymers  applies  to  the  anthracene,  but  not  to  the 
acetanilide. 

(b)  Solubility  Curve 

Figures  <3  and  3  also  display  the  equilibrium  dissolved  volume  fraction  of 

filler  as  a  function  of  temperature.  The  curves  for  both  systems  flatten  out 

while  still  below  the  melting  point,  of  the  pure  filler,  indicating  a  marked  degree1 

of  solid  solubility  in  the  concentration  range  studied. 

The  intersection  of  the  solubility  curve  with  the  T  curve  represents  the 
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temperature  at  which  maximum  crystallization  can  occur  (')  0®  C  for  the  anthracene 
and  68°  C  for  the  acetanilide).  Above  this  optimum  temperature,  the  crystalliza¬ 


tion  is  limited  by  a  the  rmodynamic  solubility  equilibrium;  while  below  the 


optimum,  the  glassy  state  is  the  crystallization  barrier,  l'hc*  latter  was 
cheeked  !>y  measuring  T  alter  complete  crystallization  at  low  temperatures. 

In  all  eases  T  was  found  to  he  equal  to  the  c  ry  s  tall  iz.it  ion  temperature. 

Figures  l  and  3  thus  serve  as  phase  diagrams  which  mark  the  boundaries 
between  three  states.  Above  the  two  curves,  the  system  is  one  viscous  liquid 
phase.  Between  the  curves,  the  system  is  made  up  of  two  phases,  a  crystalline 
phase  and  a  viscous  liquid  phase.  Below  the  T  curve,  the  polymeric  matrix 

fi 

is  in  the  glassy  state  containing  dissolved  filler,  although  filler  crystals  may 
also  he  present  depending  on  the*  prior  thermal  history. 

C  ry:; tallizat ion  Kinetics 

A  primary  concern  in  the  fabrication  of  selectively  crystallized  composites 
is  the  rate  at  which  the  filler  crystals  are  formed.  Kinetic  data  also  are  helpful 
in  the  interpretation  of  crystal  morphologies.  In  Figures  4  and  5  the  sample 


Figure  *1  Progression  of  Isothermal 
Crystallization  of  Acetanilide  in  SAN 
at  Various  Temperatures.  The  initial 
Volume  Fraction  in  Solution  is  0.  3  0. 


Figure*  5  Progression  of  isothermal 
Crystallization  of  Anthracene  in  SAN 
at  Various  Temperatures.  The  initial 
Volume  Fraction  in  Solution  is  0.  15. 


crystallinity  (volume  fraction  crystallized  filler)  has  been  plotted  against  time  at 
several  different  crystallization  temperatures  for  both  systems.  In  tin*  acetanilide 
system  (Figure  *1)  the  initial  volume  fraction  in  solution  was  0.  30,  while  the  initial 
dissolved  fraction  was  0.  15  for  the  anthracene  (Figure  5). 

In  I)*  th  systems  the  crystallization  rete,  as  evidenced  by  the  initial  slope  of 
the  curves,  increases  to  a  maximum  and  then  decreases  as  the  crystallization 
temperature  is  decreased.  At  first  glance  this  suggests  that  the  familiar  competi¬ 
tion  between  nucleation  control  (positive  temperature  coefficient)  and  ditfnsion 
control  (negative  temperature  coefficient)  is  taking  place,  resulting  in  a  maximum. 


However,  when  the  crystallinity  was  plotted  against  the  squ  ire  root  of  time, 
a  straight  line  resulted  for  all  temperatures.  This  would  imply  that  the  crystal 
growth  was  diffus ion-cont rolleu  at  all  temperatures  if  one  assumes  that  the 
crystals  grew  unidirectionally  with  a  constant  concent  ration  gradient.  Electron 
micrographs  showed  that  a1!  the  crystals  did  not  grow  unidirectionally;  conse¬ 
quently,  additional  growth  rate  studies  using  hot -stage  optical  microscopy  will 
be  necessary  to  establish  the  limits  of  the  diffusion  controlled  regime.  As  one 
might  expect,  the  maximum  crystallization  rate  and  the  maximum  yield  of  crystals 
occur  at  nearly  the  same  temperature. 

Comparison  of  the  two  systems  shows  that  anthracene  crystallized  consid¬ 
erably  faster  than  acetanilide.  This  is  expected  since  the  thermodynamic  driving 
force  (T  eq.  -  T  c  rya  t. )  for  the  anthracene  was  larger  than  that  of  the  acetanilide 
in  the  temperature  ranges  investigated. 

Filler  Crystal  Morphology 

Electron  micrographs  of.  fracture-surface  replicas  from  various  composite 
samples  are  shown  in  Figures  6  -  11.  They  clearly  reveal  well-formed,  low 
molecular  weight  crystals  with  a  large  variety  of  sizes  and  shapes.  In  general, 
the  bumpy  polymer  fracture  surface  is  easily  distinguished  from  the  smooth 
crystal  surfaces.  The  well-defined  morphology  of  each  sample  depends  on  the 
heat  treatment  and  crystallization  temperature. 

(a)  Acetanilide  -  SAN  System 

Fracture  surfaces  from  acetanilide  composites  crystallized  at  90,  75,  and 
60°  G  were  examined.  In  all  three  cases  the  initial  dissolved  filler  volume  f  rat  tion 
.vas  0.  JO.  The  final  volume  fraction  of  filler  crystals  (V.)  was  rlete  rrn  inetl  from 
ihe  phase  diagram  under  complete  crystallization  conditions. 

/  t  9  0°  G  (Figure  6),  large  crystals  have  grown  in  an  elongated  rectangular 
shape  whose  ends  often  e...h  bit  sharp  c  rystallographic  angles.  The  niensu  r.ible 
aspect  ratios  vary  from  to  10,  with  the  length  being  about  i.  0-5  0  microns  and 
the  width  5-Z0  microns.  The  shadow  lengths  and  overlapping  of  crystals  sugges 


a  thickness  which  is  considerably  smaller  than  the  width.  The  dark  fibrous 
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material  visible  on  the  left  e nil  ol  the  crystal  in  Figure  6  is  polymer  which 

r* 

I  adhered  to  the  crystal  edge  during  fracture  and  then  subsequently  adhered  to  the 

I 

replica.  The  bright  ridge  which  runs  the  length  of  the  crystal  is  more  likely 
a  wrinkle  in  the  replica  film  and  not  a  feature,  of  the  crystal  itself.  From  the 
drawn  appearance  of  the  polymer  the  fracture  was  probably  ductile  in  the  matrix, 
while  the  faint  fracture  rings  on  the  crystal  surface  indicate  a  brittle  fracture 
through  the  filler.  One  important  observation  is  that  the  c rystal -matrix  interface 
appears  tc  be  intact,  indicating  that  adhesion  is  relatively  good  at  the  interlace. 

Crystals  grown  at  75°  C  (Fig, lire  7)  have  about  the  same  aspect  ratio  as  those 
grown  at  90“  C,  but  are  smaller  and  more  numerous.  The  occasional  dark  lines 
stretching  across  the  crystal  from  the  edges  are  polymer  threads  which  were 
drawn  out  during  fracture. 

At  6)0°  C  (Figure  8),  the  crystal  morphology  is  considerably  different  from 
that  of  the  previous  samples.  The  crystals  are  long,  thin  and  highly  branched. 

The  dendritic  bundles  appear  to  have  been  nucleated  at  one  point  from  which  they 
grew  in  all  directions.  Figure  9  shows  a  mixture  of  the  two  morphologies  which 
resulted  from  a  slow-cooling  c  rys  til  lizati  on.  The  larger,  more  perfect  crystals 
were  formed  at  the  higher  temperatures,  followed  by  dendritic  grov.  h  which,  in 
some  cases,  nucleat'd  on  the  al  ready  -grown  large  crystals. 

The  repiica  observations  were  ronfi  nmv.l  by  observing  actual  fracture  sur¬ 
faces  with  scanning  electron  microscopy.  The  advantage  of  the  replica  technique 
lies  in  its  higher  resolution  which  allows  more  details  to  be  seen  at  the  interface, 
(b)  Anthracene  -  SAN  System 

Instead  of  two  distinct  morphologies  this  system  exhibits  three  different 
types  of  crystals  grown  from  in  initially  dissolved  filler  volume  fraction  of  0.  Z  0. 
At  a  crystallization  temperature  of  1  L  1  °  (9  (Figure  10),  polygonal  -shaped  crystals 
have  grown  which  measure  between  1  and  i.  microns  across.  Figure  10  illustrates 
a  rather  rare  case  where  the  fracture  has  propagated  through  t h t  polymer  matrix 
to  the  interlace  and  then  up  over  the  crystal  along  the  interface.  The  left  edge  of 
the  crystal  is  protruding  from  the  matrix,  as  evidenced  by  the  bright  shadow,  and 
the  majority  of  the  crystal  lies  embedded  in  the  matrix. 


Fifjuu;  7  h.ictuie  suil.ice  ot  <m  ncetnni !  ide  -  SAN  composite 
cryst.i  1 1  i/od  ,)  t  7'j0Q,  flu1  crystals  me  sm  tiller  .ind  moio  numerous 


n  in  tin-  pievious  fipure.  V  0,18;  8,000X. 
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inure  9  Fr.icture  suif.ice  of  <m  ncetnnilido  -  SAN  composit 
rystnl  I  ized  by  slowly  cooling  to  6C°C,  Idorh  huge  perfect 
ryshds,  dendritic  bundles  end  combinations  of  the  two  ere 
resent.  V^.  0.17;  12,009X. 


Figure  10  Fracture  surface  of  an  anthracene  -  SAN  composite 
crystallized  at  121QC.  The  left  edge  of  the  crystal  is  protruding 
slightly  indicating  fracture  up  over  the  crystal  along  the  interface. 
Vf  =  0.10;  52,000X. 
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At  1  GO*  C  dendritic  bundles,  very  similar  to  the  acetanilide  dendrites,  were 
the  predominant  morphology.  However,  at  83*  C  long  thin  rods  appeared  which 
grew  with  random  distribution  and  orientation.  One  of  these  is  shown  at  high 
magnification  in  Figure  11.  The  reds  have  aspect  ratios  from  6  to  30  with 
lengths  up  to  3  micron  a  and  widths  of  0.  05  to  0.  1  micron.  The  rod  surfaces 
appear  to  be  striated  in  the  long  direction.  Although  the  reason  for  the  stria- 
tiona  is  not  known,  they  could  be  due  to  fracture  along  the  length  of  the  rod  or 
they  might  be  the  faces  of  a  reasonably  perfect  single  crystal  fiber  of  anthracene. 

For  both  systems  the  filler  crystals  are  larger  and  more  perfectly  shaped  at 
the  higher  crystallization  temperatures.  As  the  temperature  decreases,  the 
crystals  become  smaller  and  more  numerous.  At  still  lower  temperatures,  both 
systems  exhibit  dendritic  growth,  in  agreement  with  general  crystallizations 
theory.  However,  the  needle-like  anthracene  crystals  diffe :  entiate  the  two  sys¬ 
tems,  Moreover,  there  seems  to  be  no  obvious  reason  for  dendritic  growth  to 
be  replaced  by  needle  growth  at  still  lower  temperatures.  Further  work  is 
presently  aimed  at  determining  why  and  under  what  conditions  the  needles  are 
formed. 

Mechanical  Properties 

The  elastic  „,^uuius  of  a  polymer  filled  with  infinitely  rigid  spherical  particles 

3 

should  be  at  least  as  great  as  that  predicted  by  the  limiting  Kerner  equation  : 

G0  15  (1  - V,) 

G~  =  1  +  8-1  0~V,  ^ 

G  and  G,  are  the  shear  moduli  of  the  filled  system  and  the  unfilled  polymer, 

respectively.  The  volume  fractions  of  polymer  and  filler  are  given  by  and 

while  the  Poisson's  ratio  of  the  polymer  is  V,.  Particles  of  other  shapes  generally 

increase  the  modulus  even  more  than  what  is  observed  with  spherical  particles. 

If  the  modulus  of  the  filler  is  not  infinite*  but  is  comparable  in  magnitude  to  that 

of  the  matrix,  the  composite  modulus  is  less,  and  the  more  general  form  of  the 

4 

Kerner  equation  must  be  used  tor  spheres 
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where  G2  is  the  shear  modulus  of  the  filler  phase.  In  both  of  these  equations  it 
is  assumed  that  there  is  good  adhesion  between  the  two  phases. 

Figures  1 Z  and  13  show  dynamic  mechanical  data  measured  on  some  of  the 
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Figure  12  Variation  of  the  Shear 
Modulus  and  Damping  for  Samples 
of  Various  Crystal  Volume  Frac¬ 
tions  of  Acetanilide.  Primed 
Curves  -  Damping;  Unprimed 
Curves  -  Modulus:  1 -V  -  0.3  0, 
Non-Crystallized;  2~V^  =  0.18; 

3- V.  =  0.  38;  4- Pure  SAN. 
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Figure  13  Variation  of  the  Shear 
Modulus  and  Damping  With  Temp¬ 
erature  for  a  0.  1  3  Crystal  Volume 
Fraction  Anthracene  Sample  and  a 
Pure  SAN  Sample.  The  Pure  SAN 
Curves  have  been  Shifted  1  6“  C  to 
the  Left  for  Comparison  Purposes. 


SAN  -  acetanilide  and  SAN  -  anthracene  systems.  Dissolved  acetanilide  and 
anthracene  plasticize  the  polymer,  but  if  the  curves  are  shifted  on  the  temperature 

scale  an  amount  equal  to  the  difference  in  T  between  the  filled  and  unfilled  polymers, 

8 

the  shear  modulus  curves  are  essentially  all  a upe rimposable.  However,  there  is 
little  indication  that  the  organic  crystals  have  increased  the  elastic  modulus.  The 
crystallized  systems  contained  crystal  volume  fractions  of  0.  18  and  0.38  in  the 
case  of  ac  etanilide  and  0.  13  in  the  case  of  anthracene.  If  the  shear  moduli  of  the 
crystals  were  much  greater  (say  10  times  or  more)  than  that  of  the  SAN  polymer, 
the  shear  moduli  should  have  increased  at  least  48  and  133  percent  in  the  case  of 
acetanilide  and  over  32  percent  in  the  case  of  anthracene.  The  experimental 


results  show  no  such  increase.  Since  the  electron  microscope  studies  seem  to 
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indicate  good  adhesion  between  the  phases,  it.  can  be  assumed  that  the  moduli 
of  the  organic  crystals  are  approximately  the  same  as  that  of  SAN  polymer  in 
the  glassy  state. 

However,  if  the  filler  phase  is  not  spherical  in  shape  but  fibers  or  needles 

oriented  perpendicular  to  the  specimen  faces  as  electron  microscope  pictures 

tend  to  indicate,  then  the  shear  modulus  G  should  be  t  qua!  to  or  greater  than 

5 

what  the  following  equation  predicts  : 


°L  2G,  -  (G2  -  G,)  *, 

Gs  ZG,  +7g2  -  G,f?7 


In  this  special  case  of  oriented  fibers,  the  shear  modulus  is  less  than  what  it 

would  be  if  the  filler  particles  were  spheres.  If  the  fibers  have  high  rn  odal  i 

compared  to  the  polymer,  the  shear  moduli  should  have  increased  at  least  44 

and  1Z3  percent  in  the  case  of  acetanilide  and  30  percent  in  the  case  of  anthracene 

as  filler.  Even  after  the  SAN  curve  is  shifted  so  as  to  compare  the  data  at  the 

same  (T  -  T)  values,  the  observed  increase  in  modulus  is  only  9  percent  for 
8 

the  anthracene  case  at  38®  C.  For  the  acetanilide  case  containing  0.  38  volume 

fraction  of  crystals,  the  experimental  increase  in  shear  modulus  is  15  percent 

at  -30®C  and  ZZ  percent  at  10*0.  The  modulus  of  the  material  containing  18 

volume  percent  acetanilide  i «  actually  less  than  that  °f  pure  SAN  even  after  the 

curves  are  shifted  horizontally  to  compare  at  equal  values  of  (T  -  T).  The  error 

in  the  absolute  value  of  the  experimental  moduli  is  estimated  to  be  about  5  percent. 

Thus,  even  after  picking  the  modulus  data  that  show  the  greatest  reinforcing  action, 

it  can  be  shown  that  the  shear  moduli  of  the  crystals  must  be  less  than  twice  that 

of  the  SAN  polymer^’  Additional  evidence  that  the  elastic  moduli  of  organic 

crystals  is  about  1  0*°  dynes /cm*  is  found  in  recent  measurements  on  polymer 

crystals;  the  elastic  moduli  in  directions  perpendicular  to  the  polymer  chains 

,  7,  8 

are  essentially  the  same  as  the  moduli  of  polymers  in  the  glassy  state 

Elastic  modulus  measurements  are  not  common  on  single  crystals  of  organic 
materials.  Many  measurements,  however,  are  available  on  materials  which  nave 
strong  bonding  forces  such  as  metals  and  ionic  inorganic  crystals  where  it  is 
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found  that  the  moduli  are  ten  to  one  hundred  timen  as  great  as  the  moduli  of 
polymers  in  the  glassy  state.  Molecules  in  organic  crystals  and  glassy  polymers 
are  both  held  together  by  the  same  type  of  weak  Van  de  r  Waal's  forces,  so  it  is 
not  surprising  that  they  both  appear  to  have  approximately  the  same  moduli.  Thus, 
it  is  concluded  that  high  modulus  polymers  cannot  be  appreciably  reinforced  or 
stiffened  by  organic  crystals.  However,  organic  crystals  might  be  very  good 
reinforcing  materials  for  rubbers  and  low  modulus  polymers. 
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V.  FABRICATION  AND  PROCESSING  (J.  M-  McK>]vey 

and  T.  L,.  Tolbert) 

The  role  of  Fabrication  and  Processing  Section  can  be  summed  up  as  one 
of  demonstrating,  through  application  of  Association  research,  the  fabrication 
and  performance  of  new,  practical,  high  performance,  composite  structural 
materials.  In  line  with  the  charter  to  develop  a  new  area,  the  major  emphasis 
is  on  the  development  of  discontinuous  fiber  composites  which  have  high 
performance  properties  and  can  be  readily  fabricated.  Initial  performance  goals 
have  been  defined  here,  as  elsewhere  in  the  Association,  in  terms  of  surpassing 
the  specific  properties  of  aluminum. 

The  work  divides  naturally  into  three  areas:  composite  fabrication  and 
evaluation,  process  research,  ar.d  technical  support.  Work  in  the  fabrication 
and  evaluation  area  has  aimed  at  (a)  evolution  of  new  technology  £01  the 

fabrication  of  discontinuous  fiber  composites,  (b)  establishing  experimentally 
practicable  levels  of  composites  performance  as  determined  by  fiber  morphology, 
loading,  and  fiber/matrix  modulus  ratio  and  (c)  testing  experimental  samples 
and  providing  performance  standards. 

Process  research  has  been  concerned  primarily  with  the  refinement  and 
improvement  of  processes  found  by  Association  research  for  incorporating 
discontinuous  fibers  in  mat, rice;  ic  ^reduce  prepregs  and/or  finished  composites. 
This  work  has  provided  specimens  for  evaluation  and  mechanics  studies,  as  well 
as  the  base  for  process  engineering  investigations. 

Technical  support  has  been  provided  to  the  entire  M/WU  Association  by 

(a)  providing  a  supply  of  librous  materials  of  known  quality  (whiskers  and 
chopped  continuous  filaments)  by  carrying  out  filament  chopping,  fiber  and 
whisker  cleaning  and  classification,  and  fiber  characterization  operations, 

(b)  fabricating  and  molding  test  coupons  ano  elemental  shapes,  and  (c)  performing 
mechanical  and  environmental  tests. 

Whisker  fibers  (silicon  carbide  and  silicon  r..  ride)  and  short  chopped 
fibers  (boron  and  carbon)  have  received  primary  attention.  Each  type  offers 
utility  in  preparing  and  effectively  reinforcing  complex  shapes  which  cannot 
be  fabricated  satisfactorily  from  continuous  filament  or  fabric.  Glass  fiber 
has  been  employed  as  a  prototype  finer  when  its  use  was  considered 
technically  sound  and  effective  in  reducing  the  cost  of  re«earch  materials. 
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Work  has  been  restricted  largely  to  the  use  o£  epoxy  resins  as  matrices; 
studies  employing  higher  performance  resins  are  being  initiated,  however. 
Preliminary  experiments  with  polyelectrolyte  resins  developed  in  the 
Chemistry  and  Physics  Section  have  shown  particular  promise.  Scouting 
studies  with  metal  matrices  will  be  initiated  shortly. 

Efforts  in  the  major  processing  and  fabrication  programs  are  summarized 
in  the  following  paragraphs. 

C  uttfng,  Ole  an -up,  and  Classification  of  Short  Fibers 

Preparation,  clean-up  and  classification  of  short  fibers  and  whiskers  is  now 
routine.  Methods  have  been  established  by  Messrs.  R.  E.  Eavengood  and 
D.  C.  Morris  for  cutting  filament  to  size  on  a  rotary  or  guillotine  chopper. 

The  fiber  is  then  cleaned  -;nd  sorted  using  a  vibrationally  fed  trough  device  in 
which  controlled  amounts  are  collimated  and  carried  over  a  series  of  increasingly 
large  collection  slots.  Whiskers  are  too  small  to  be  handled  in  this  way. 

A  technique  has  been  developed  by  Mr.  J.  D.  Fairi  ng  for  removal  of  the 
large  amounts  of  debris  in  "as  received"  whisker  material  and  sorting  of  the 
whiskers  to  size.  It  is  b.r.sed  on  water  jet  break-up  of  clumps  and  wet  screening 
of  the  resulting  slurry.  DS-grade  silicon  carbide  whiskers  from  Carborundum 
Company  yields  about  30%  of  reasonably  good  quality  whiskers  in  this  process. 
Qualitative  observations  indicate  there  io  tttle  breakage  or  loss  of  the  better 
libers.  Nominal  aspect  ratios  of  the  classified  material  run  from  50-60  for  the 
better  whiskers  to  20-40  for  the  poorer  grades. 

Fiber  and  Whisker  Characterization 

Dr,  R.  C  .  Schierding  has  established  procedures  and  developed  techniques 
for  characterizing  fibers  and  whiskers  for  size,  conditio*  ,  and  orientation. 
Characterization  for  number  and  volume  average  length  and  diameter  is  based 
on  standard  cumulative  photocounting  techniques-  Condition,  extent  of  over¬ 
growth  or  other  preparative  imperfections  ,  and  degree  of  processing  damage  are 
determined  by  optical  and  electron  scanning  mic  roscooy.  Fiber  orientation 
in  prepregs  and  composites  is  measured  b v  an  X-ray  diffraction  technique 
developed  from  metailog raphic  practice.  Measurements  have  been  automated 
using  a  full  circle  goniometer. 

Composite  Evaluation  and  Testing 

An  expanded  testing  capability  for  measuring  uniaxial  composite  properties 
has  been  developed  by  Mr.  I  ,a  vengood  in  conjunction  with  the  Mechanics  Section. 
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Facilities  are  available  to  a?"  programs  in  the  Association.  Strength  and 
modulus  are  measured  in  flexure,  tension,  and  compression.  Poisson's 
*atio  and  shear  are  obtained  from  the  antielastic  plate  bending  test.  The 
tuoe  torsion  test  for  shear  is  currently  being  set-up  and  a  cooperative  study  with 
the  Mechanics  Section  on  test  evaluation  has  been  initiated. 

Use  o'  Oriented  Whiskers  as  Reinforcing  Agents 

Fabrication  of  whisicer  reinforced  composites  has  required  development  of 
a  number  of  special  techniques.  Whiskers  are  about  two  orders  of  magnitude 
smaller  in  diameter  than  conventional  boron  fiber,  thus  are  truly  micro- 
fibers.  Typical  dimensions  are  1  x  50  microns.  Dr.  O.  D.  Deex  has 
demonstrated  excellent  fiber  orientation  by  dispersing  the  whiskers  in  a  non¬ 
melting  carrier  polymer  and  wet  spinning  the  suspension  to  form  a  strand.  The 
whiskers  become  aligned  during  extrusion  and  the  subsequent  drawing  step 
and  are  ''locked"  in  position  by  coagulation  of  the  carrier  polymer.  Mats  can 
then  be  prepared  from  the  strand  and  the  carrier  removed  by  pyrolysis. 

Selection  of  the  carrier  has  proven  to  be  the  key  to  controlling  fiber  move¬ 
ment  during  pyrolysis,  as  well  as  spinning;  and  to  avoiding  some  of  the  problems 
encountered  with  this  approach  by  Wohrer,  Parratt,  and  others.  Dr.  T.  L>- 
Tolbert  has  fabricated  well  oriented  whisker  fiber  composites  by  laying-up 
whiske r- filled  strands  in  the  desired  orientation,  pyrolyzing  the  carriei 
without  disturbing  whisker  orientation,  and  impregnating  the  whisker  mat  to 
give  a  prepreg  which  can  be  shaped  and  molded.  The  technique  is  reproducible 
and  amenable  to  scale-up.  Composites  of  silicon  carbide  whiskers  (l /d  -  50) 
with  flexural  strengths  as  high  as  99  x  10*  psi  and  moduli  as  high  as 
15.4  x  106  psi  h  ave  been  prepared. 

Studies  on  Composite  Composition  and  Structure 

Mr.  R.  M.  Anderson  has  carried  out  a  series  of  studies  on  composite 
composition  and  structure  as  a  guide  to  processing  work.  A  Land  lay-up 
technique  has  been  developed  lor  this  purpose  which  provides  maximum  control 
over  short  fiber  orientation  and  other  variables.  Although  somewhat  time 
consuming,  it  provides  a  means  of  checking  the  effect  of  individual  process  g 
parameters,  establishing  property  bench-marks  for  new  materials,  and  obtaining 
property  maps  for  the  various  composite  systems.  It  has  proven  applicable  to 
conventional  "fv1  and  "S"  glass  fibers,  standard  boron  fiber,  a  special  boron  fiber 
1.5  mils  in  diameter,  and  "Thorne!"  graphite  fibers.  Loadings  as  high  as 
bO  v/o  have  been  obtameo 
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Dry-Mix  Molding  of  Shu rt  Fiber  C o rnposit.es 

Studies  involving  intimate  mixing  of  short  fibers  with  dry,  very  finely 
divided  matrix  before  molding  have  boon  carried  out  in  an  effort  to  avoid 
tlie  adverse  viscosity  effects  and  fiber  entanglement  encountered  in  blending 
fibers  with  viscous  matrix  resins  at  high  loadings.  The  study  was  conducted 
by  Mr.  D.  A.  Ludwig  as  an  M.S.  thesis  problem  at  Washington  University. 

It  showed  that  fibers  are  at  least  partially  protected  from  self-abrasion  during 
blending  by  the  matrix  powder,  that  uniform  blends  of  short  fibers  (below  \") 
and  matrix  can  be  obtained.  Although  model  systems  were  used  for  the  bulk  of 
the  study  and  properties  were  not  in  the  high  performance  range,  ttie  potential 
of  the  dry-mix  approach  for  orthotropic  composites  was  demonstrated.  Details 
of  this  work  are  reported  in  Mr.  Ludwig's  thesis;  copies  are  available  on 
loan  from  Olin  Library,  Washington  University. 

Encapsulation  and  Flow  Molding  of  Short  Fibers 

Encapsulation  of  short  fibers  has  been  shown  to  be  particularly  effective  in 
overcoming  processing  problems  and  increasing  fiber  loadings.  Follow-up 
of  the  preliminary  work  on  encapsulation  of  glass  fiber  and  flake  reported  by 
Dr.  H.  M-  Andersen  at  the  1965-66  Annual  Project  Review'  has  led  to  develop¬ 
ment  of  a  well-defined  technique  for  producing  molding  compounds  of  high 
performance  fibers.  Free-flow'ing,  rice- sized  aggregates  of  collimated  fibers 
encapsulated  with  resin  can  now  be  obtained  from  a  variety  of  fibers  and 
whiskers.  The  granules  can  be  compression  molded  or  readily  transfer 
molded.  Mr.  Morris  has  shown  that  encapsulated  fibers  are  not  only  oriented 
during  flow'  molding  be*:  also  overlapped  as  the  grains  interlock  during  flow. 

Fiber  efficiencies  based  on  a  rule  of  mixtures  calculation  are  in  the  range  of  70% 
Fabrication  with  Polyelectrolyte  Res  ins 

The  pop '•elect  rolyte  resins  studied  by  Drs.  L.  FT  Nielsen  and  J .  F.  Fieli.s 
and  reported  in  the  Chemistry  and  Physics  Section  offer  unique  combinations 
ot  properties  which  should  make  them  suited  for  a  variety  of  high  performance 
applications.  Stiffness  and  shear  properties  are  outstanding,  values  as  high  as 
Z.  7  x  IP"  psi  tor  Young's  modulus  and  !.  x  10*  psi  for  shear  modulus  have 
been  measured.  Flexural  strengths  appear  to  range  from  10-  I  S  x  10  1  psi, 
although  only  a  tew  measurements  have  been  made.  Heat  <list<>  1 1  ion  temperature.' 
are  well  above  100  "C  am!  calculations  predict  extremely  low  creep.  Pre¬ 
liminary  experiments  indicate  that  sound  composites  can  be  fabricated  from 
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the  resins,  that  fiber- resin  bonding  is  good,  and  that  resultant  composites 
are  not  seriously  water  sensitive.  Work  to  determine  the  potential  for  these 
materials  in  practical  applications  is  being  initiated. 

Summa  ry 

Overall  results  of  fabrication  work  in  the  Project  can  best  be  reviewed 
in  terms  of  the  property  levels  of  the  composites  which  have  been  produced. 
Figures  1  and  2  compare  the  specific  strength  and  modulus  values  obtained 
for  the  various  types  of  composites  studied.  The  bars  represent  what  can  be 
accomplished  with  a  specific  fiber  or  process;  experimental  data  have  been 
normalized  at  the  50  v/o  loading  level  for  comparison.  It  is  apparent  that 
a  high  percentage  of  the  properties  obtainable  with  continuous  filaments  can 
be  achieved  with  short  fibers.  Some  trade-off  in  properties  is  made  in  going 
from  a  careftil  hand  lay-up  of  fibers  to  flow  processing,  as  would  be  expected. 

The  properties  of  the  transfer  molded  and  extruded  specimens  are  still  high 
enov  gh»  however,  to  be  oi  very  real  interest  and  well  within  the  high  performance 
category.  The  specific  properties  of  aluminum  are  shown  for  comparison. 


Figure  1  Specific  Strengths  of  Composites  Unidi  rectionally 
Reinforced  v  ith  .Short  Filler  (50  v/o)* 

Experimental  Data  Normalized  For  Comparison 
** Calculated  Value 

**»Boron  and  Glass  Fibers  Encapsulated  Prior  to  Molding; 

CM  compression  molding,  TM  t  rans  ter  molding 
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Figure  2  Specific  Moduli  of  Composites  Unidirectionally 
Reinforced  with  Short  Fiber  (50  v/o)* 

♦Experimental  Data  Normalized  for  Comparison 

♦♦Boron  and  Glass  Fibers  Encapsulated  Before  Molding; 

CM  =  compression  molding ,  TM  =  transfer  molding 

Figure  3  compares  the  specific  properties  of  aluminum  with  those  of  hand 
laid  boron  composites  and  silicon  carbide  whisker  composites  as  functions  of 
fiber  loading.  In  both  cases,  fiber  loadings  of  only  15-25%  are  required  to 
reach  the  aluminum  level  and  the  composite  curves  continue  upward.  This  is, 
of  course,  a  comparison  of  unidirectional  composite  properties  against  isotropic 
metal  properties.  Dr.  Tsai  has  recently  shown  that,  at  least  for  modulus,  a 
more  meaningful  comparison  is  obtained  using  a  value  1.  3  times  the  specific 
properties  of  aluminum.  Even  so,  the  promise  of  short  fiber  boron  and  silicon 
carbide  whisker  composites  is  apparent. 

Work  in  the  fabrication  and  I’rocessing  Section  lias  progressed  through 
all  of  the  steps  involved  in  getting  fibers  into  composites  -  from  raw  material 
refinement  to  actual  fabrication.  The  techniques,  quality  of  material,  and  pro¬ 
cedures  needed  for  careful,  systematic  studies  art'  in  hand.  The  first 
exploratory  phase  is  essentially  completed  and  emphasis  <  s  on  development 
and  evaluation  of  specilic  fahrica*'on  and  processing  methods.  Systems  and 
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Figure  3  Comparison  of  Specific  Properties 

techniques  will  be  selected  shortly  for  scale-up  and  preparation  of  a  variety  of 
elemental  shapes.  Concurrently,  new  fiber  and  matrix  systems  are  being 
evaluated  and  new  methods  for  combining  and  processing  matrix  and  fiber  are 
being  explored.  The  research  program  is  closely  coordinated  with  those  in  the 
Chemistry  and  Physics  and  the  Mechanics  Sections. 

WHISKER  FIBER  FRACTIONATION  (j .  D.  Fairing) 

Fabrication  of  discontinuous  fiber  reinforced  composites  having  highest 
performance  capabilities  can  be  achieved  only  by  using  clean  fibers  free 
of  particulate  matter  and  having  an  aspect  ratio  in  excess  of  50  when  employed 
with  organic  matrices.  Commercial  whiskers  with  the  necessary  high  modulus 
requirements  have  a  wide  range  of  aspect  ratios  and  are  invariably  contaminated 
with  excessive  amounts  of  particulate  matter. 

A  procedure  was  developed  for  upgrading  the  available  material  to  produce 
clean,  classified  whiskers  suitable  for  fabricating  test  specimens. 

Silicon  carbide  whiskers,  as  received,  contain  1  5  to  30  percent  usable 
fibers,  the  rest  being  a  mixture  of  short  fibers,  duat,  and  irregular  particles 
ranging  in  size  from  over  1  rnm  to  Jess  than  0.  1  micron.  Figures  1  and  2 
illustrate  the  i nhomogeneity  of  this  material.  Classification  is  achieved  by  a 
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three  step  process  involving  (l)  dispersion  of  the  tangled  mats  of  fibers  in  water, 
(Z)  removal  of  the  short  fibers,  dust,  and  most  of  the  particulate  material 
by  wet  sieving  and  finally,  (3)  separation  of  the  whiskers  from  the  remaining 
particles  by  sedimentation. 

Dispersion  is  accomplished  by  first  wetting  the  fibers  with  ethanol  and  then 
gently  stirring  them  into  a  large  volume  of  water;  typically,  5  g.  of  fibers  are 
dispersed  in  4  liters  of  water.  This  partially  dispersed  slurry  is  then  washed 
repeatedly  through  a  series  of  sieves  of  increasing  fineness  with  openings 
ranging  from  707  microns  down  to  -44  microns  to  achieve  complete  dispersion 
and  to  remove  the  short  fibers,  dust,  and  most  of  the  particles.  The  dispersion 
step  is  a  critical  one.  It  must  be  complete,  for  class i fi cati on  can  be  achieved 
only  after  the  fibers  have  been  untangled  and  are  monorli  spe  rs  ed . 


Figure  !  Silicon  (  a  rbulc  Whiskers  As  Received" 

Slu  >v.  ing  Tangled  Mats  <>t  Fibers  ot  Random  length,  'H  X 

However,  it  must  also  he  gentle  since  tin  individual  whiskers  a  re  fragile  and 
readily  damaged  when  isolated;  consequent  1\  .  el  I  u  lent  dispersion  methods 
utilizing  large  energy  inputs,  sin  h  as  ult  :  asotin  agitation,  cannot  be  used. 


Atter  repeat  ed  passes  through  tin  series  at 
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volumes  •>{  water,  the  liber  collected  on  -  e  .  i  with  o  .1  ii  i  i  i  i  inii  run  opening;? 

are  unit  orm  in  length  and  are  contaminated  i  nl\  with  medium  sire  particulate 
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material,  the  short  fibers  and  dust  having  been  washed  through  and  the  larger 
containment s  isolated  in  the  coarser  sieves.  The  removal  of  these  remaining 
particles  is  carried  out  by  a  sedimentation  procedure  in  water.  At  the 
present  time  this  step  is  the  least  efficient  part  of  the  process,  and  requires 
improvement. 

Classified  silicon  carbide  whiskers  obtained  by  this  process  are  shown 
in  Figure  3.  These  are  now  being  used  for  the  fabrication  of  all  our  silicon 
carbide  whisker  composites  and  can  be  produced  routinely  on  a  laboratory 
scale  at  the  rate  of  about  30  grams  per  week. 

MEASUREMENT  OF  WHISKER  ORIENTATION  IN  COMPOSITES  BY  X-RAY 

DIFFRACTION  Du~G.  Schierding) 

Ihe  properties  of  whisker  reinforced  composites  are  directly  dependent 
on  the  degree  of  orientation  of  the  whiskers.  Consequently,  development  of 
optimum  properties  requires  not  only  a  method  for  controlling  whisker  orien¬ 
tation  but  also  a  means  for  quantitatively  describing  it. 

X-ray  diffraction  methods,  which  have  long  been  used  to  measure  pre¬ 
ferred  orientation  in  polycrystalline  metals*,  have  been  found  to  be  applicable 
to  measuring  whisker  orientation  in  composites  as  well. 

This  report  is  divided  into  two  parts.  The  first  describes  an  x-ray 
photographic  method  which  has  been  found  to  be  very  useful  for  measuring  the 
degree  of  whisker  orientation  in  highly  oriented  strands  made  by  a  wet  spinning 
process.  Orientation  in  composite  sheets  can  also  be  measured  with  this 
technique  provided  the  samples  are  thin  enough  to  transmit  the  diffracted  x-rays. 
The  second  part  of  this  report  describes  a  quantitative  technique  for  measuring 
the  degree  of  whisker  orientation  in  flat  composite  samples.  The  reflection 
method  used  in  this  work  does  not  require  that  the  diffracted  x-rays  penetrate 
the  sample  and  theretore  is  not  restricted  to  thin  samples.  The  x-ray  intensity 
is  quantitatively  measured  with  a  radiation  detector  and  the  degree  of 
orientation  is  desc  ribed  in  terms  of  the  standard  deviation  of  the  intensity 
distribution. 

Photographic  Method 

When  monochromatic  radiation  is  used  to  examine  a  specimen  in  a  Laue 
camera,  the  result  is  called  a  pin-hole  photograph^.  The  technique  involves 
impinging  a  monochromatic  beam  of  x-rays  onto  the  composite  sample.  Certain 
crystal  planes  of  the  whiskers  will  make  the  correct  Fcragg  angle  (according 
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to  the  Bragg  equation)  for  diffraction  (reflection)  of  the  incident  bt  e  a 

powder  sample  or  a  composite  filled  with  randomly  oriented  whiskers,  some  of 
the  whiskers  will  be  oriented  at  all  possible  rotational  positions  about  the  axis 
of  the  incident  beam.  The  resultant  reflection  will  therefore  have  the  form 
of  a  cone  of  diffracted  x-rays,  the  axis  of  the  cone  coinciding  with  the  trans¬ 
mitted  beam.  A  separate  cone  will  be  formed  for  sets  of  differently 

3 

spaced  lattice  planes  . 

When  a  sheet  of  photographic  film  is  placed  to  intercept  the  cone  of  x-rays, 

4 

they  form  an  exposed  circle  known  as  the  Debye  ring  .  This  is  shown  in 
Figure  1.  For  a  randomly  oriented  sample,  continuous  concentric  Debye 
rings  of  constant  intensity  are  formed  on  the  photograph.  In  specimens  with 
perfect  orientation,  the  Debye  rings  are  reduced  to  a  set  of  intense  spots 
symmetrically  oriented  about  the  circumference  of  the  ring.  These  spots 
broaden  peripherally  as  the  degree  of  orientation  decreases.  The  length  of 
the  arcs  thus  formed  is  a  measure  of  the  degree  of  orientation  and  the  intensity 

along  the  arc  is  a  measure  of  the  volume  fraction  of  material  within  a  specified 

.  .  -  ■  2 
degree  of  orientation  . 

The  composite  sample  is  placed  between  the  incident  x-rays  and  a  sheet  of 

x-ray  film.  The  sample  thickness  must  be  such  as  to  readily  transmit  the 

diffracted  x-rays.  X-ray  diffraction  patterns  were  obtained  in  this  manner 

using  a  Nonius  general  purpose  camera  and  copper  K-cy  radiation.  The  samples 

consisted  of  a  polymeric  matrix 

containing  silicon  carbide  whiskers.  The 

silicon  carbide  was  the  hexagonal  high 

temperature  polymorph  (cy-SjC)  of  the 
5  6  7 

6H  polytype  ’  '  .  Their  growth  axis, 

as  determined  from  highly  oriented 
samples,  is  perpendicular  to  the  basal 
plane  of  the  hexagon.  It  is  this 
common  growth  axis  which  makes  possible 


Figure  1  Transmission  Pin-Hole 
Photographic  Method  for  Measuring 
Orientation 


the  measurement  of  preferred  orientation  in  composites 

One  of  the  moat  recent  methods  for  preparing  highly  oriented  whisker 
composites  is  by  the  spinning  of  suspensions  of  whiskers  in  viscous  polymer 

g 

solutions  .  The  small  orifice  and  following  draw  results  in  highly  oriented 
whiskers  in  the  polymer  matrix.  This  "strand"  can  be  laid-up,  the  polymer 
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burned  off,  ax  d  the  remaining  whiskers  impregnated  with  the  desired  matrix 
material  for  fa  ci  ition  of  a  finished  composite.  The  degree  of  whisker 
orientation  obtained  in  the  spinning  operation  and  carried  through  to  the 
finished  composite  can  be  closely  followed  by  the  x-ray  photog rams . 

The  strands  are  approximately  0.015  inches  in  diameter  and  are  easily 
penetrated  by  the  copper  radiation  giving  good  distinct  photograms  after  one  to 
two  hours  exposure.  The  following  photograms  demonstrate  the  sensitivity 
of  this  technique.  Figure  2  is  a  photogram  of  a  Cupram  strand  and  Figure  3 
an  acetate  rayon  strand,  both  containing  silicon  carbide  whiskers.  The 


Figure  2  Photogram  of  a  Cupram  Figure  i  Photogram  of  an  Acetate 

Strand  Containing  Silicon  Carbide  Rayon  Strand  Containing  Silicon  Carbide 

Whiskers  Whiskers 

whiskers  in  the  Cupram  strand  show  a  higher  degree  of  orientation  than  the 
acetate  strand.  The  length  of  the  arcs  indicates  that  the  major  portion  of  the 
whiskers  are  oriented  within  1!  of  the  strand  axis  for  the  Cupram  and  20 
tor  the  acetate-.  The  volume  fraction  represented  bv  the  intensity  along  the  an 
can  be  visually  estimated  or  more  accurately  determined  by  a  densitometer 
plot  of  the  intensity  prolile.  i  low  eve  r  ,  this  is  s  eni  iqua  nt  it  a  t  l  ve  ,*  t  best  situ  e 
absorption  t  o :  rec  t  ;ons  cannot  readily  !n  made  !  igure  !  is  a  photogram  ‘d  a 
composite  made  trnm  the  (  up  ram  strands. 


The  composite  was  a  1  x  i/4 
x  1/64  inch  sheet  of  epoxy  filled 
with  silicon  carbide  whiskers.  The 
x-rays  easily  penetrated  the  sample. 

The  arc  lengths  are  much  greater  in 
the  composite  photogram  than  in 
that  of  the  strand  indicating  that  a 
large  degree  of  misorientation 
results  during  the  fabrication  process. 

The  broadening  of  the  ring  is  probably 
due  to  increased  strain  in  the 
whiskers  as  a  result  of  fabrication. 

The  transmission  photographic 
method  offers  an  easy  and  rapid 

means  of  qualitatively  following  .  r.,  ^  „  ...... 

70  Figure  4  Photogram  oi  an  Epoxy-Silicon 

the  degree  of  whisker  orienta-  Carbide  Composite  Made  F rom  the 

tion  in  composites.  This  method  Cup  ram  Strands 

is  limited,  however,  to  thin  samples  and  therefore  has  been  used  primarily  to 
determine  the  orientation  in  the  highly  oriented  strands  produced  by  wet 
spinning.  For  thick  composite  samples  or  where  quantitative  results  are  required, 
the  x-ray  film  must  be  replaced  with  a  radiation  detector.  This  method 
is  described  in  the  next  section. 

Quantitative  Method 

The  measurement  of  preferred  orientation  with  a  radiation  detector 
(diffractometer)  provides  a  means  of  quantitatively  measuring  x-ray  intensities. 

The  diffractometer  is  set  to  pick  up  a  segment  of  the  Debye  ring  while  the 
sample  is  slowly  rotated  in  its  own  plane.  The  intensity  profile  around  the 
Debye  ring  is  thus  quantitatively  determined.  This  is  demonst  rated  m  Figure  h 
for  the  transmission  method. 

Crystal  planes  are  often  described  in  terms  <>|  the  normal  to  that  plane, 
called  a  "pole",  and  preferred  orientation  is  discussed  >n  terms  ol  p-de 
density  *  '  ’  ^  Imagine  the  sample  to  he  at  the  renter  of  a  large  transparent 

sphere.  Let  the  poles  from  a  given  family  ot  planes  be  extended  t  mm  every 
crystallite  (whisker)  until  they  intercept  t  h<  sphere.  it  the  whisk  ers  are  rit  uteri 
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Figure  5  Transmission 
Method  Using  a  Diffracto¬ 
meter  for  Measuring 
Orientation 


randomly  in  the  sample,  the  density  of  pole 
intercepts  will  be  distributed  uniformly  over 
the  entire  surface  of  the  sphere.  If  the  whiskers 
have  a  preferred  orientation  however,  the  pole 
intercepts  will  not  be  uniform  but  will  be 
clustered  in  certain  areas  on  the  sphere  and 
absent  in  others  depending  on  the  degree  of 
orientation.  This  pole  density  can  be  measured 
by  rotation  of  the  sample  during  irradiation. 

The  projection  of  the  pole  distribution  from  the  sphere  onto  a  flat  sheet  of  paper 
is  called  a  pole  figure.  The  pole  figure  is  usually  shown  as  a  contour  map 

where  lines  of  constant  x-ray  intensity  represent  pole  density. 

c  .  ..  11,12,13,14,15,16,17,18,  ,  ...  .  . 

Several  authors  have  described  methods  for 

1  9 

determining  pole  densities  (pole  figures)  with  the  diffractometer  and  one  author 

has  measured  the  orientation  of  clay  particles  in  starch  coatings  using  the 

15 

method  of  Field  and  Merchant  .  The  transmission  method  of  Decker,  Asp, 

and  Harker**  employs  thin  sheet  specimens  which  can  be  rotated  about  two  mutually 

perpendicular  axes,  one  axis  being  normal  to  the  plane  of  the  sample  and  the 

other  coinciding  with  the  axis  of  the  spectrometer.  Equations  are  given  for 

correcting  observed  counting  rates  for  changes  in  absorption  and  scattering 

volume  as  the  sample  is  rotated.  The  corrected  intensities  can  be  plotted  on 

a  polar  net  to  give  the  pole  figure.  The  transmission  method  is  limited  to  samples 

which  are  thin  enough  to  transmit  the  diffracted  x-rays  and  is  capable  of 

determining  pole  density  only  in  the  outer  portion  of  the  pole  figure,  from  90"  to 

90  °  -  0  (where  0  is  the  Bragg  angle).  This  limitation  is  due  to  the  geometry  of 

1  4 

the  sample  and  holder  with  respect  to  the  detector 

The  central  portion  of  the  pole  figure  is  obtained  by  the  reflection  method 
1  3 

of  Schulz"  .  A  flat  specimen  of  sufficient  thickness  is  rotated  in  such  a  manner 
that  absorption  and  effective  volume  of  scattering  material  remain  constant. 

During  examination,  the  sample  is  rotated  about  two-axes,  one  normal  to  the 
sample  surface  (O-O1  in  Figure  6)  and  the  other  located  along  the  intersection 
of  the  sample  and  the  plant  of  the  spectrometer  (X-X1  in  Figure  6).  Rotation  of 
the  sample  around  the  surface  normal  through  an  anglr  a,  corresponds  to 
scanning  the  circumference  of  the  Debye  ring.  On  a  polar  net,  this  is  equiva¬ 
lent  to  measuring  the  pole  density  around  one  of  the  latitude  lines  of  the  pole 
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Figure  6  Reflection  Method  Using 
a  Diffractometer  for  Measuring 
Orientation 


Figure  7  Pole  Figure  Showing 
the  Position  of  the  Pole  P  as 
Determined  by  <y  and  $ 


figure  as  shown  in  Figure  7 ,  Rotation  around  X-X’,  through  an  angle  $, 

determines  the  pole  density  along  a  longitude  line  (radius  of  the  polar  net)^^. 

The  reflection  method  is  limited  with  respect  to  the  range  of  tilting  angles,  $, 

in  which  satisfactory  results  can  be  obtained.  The  diffracted  beam  intensity 

decreases  with  increasing  i  and  is  the  result  of  defocusing  of  the  diffracted 

beam  This  is  discussed  more  fully  in  a  later  section.  The  reflection  method 

is  capable  of  providing  data  for  constructing  a  complete  pole  figure.  The 

outer  portion  of  the  pole  figure  is  obtained  from  orthogonal  surfaces  of  the 

sample  constructed  by  sawing  or  grinding  the  sample  so  as  to  expose  these 
16  17 

surfaces  ’  .  This  is  destructive  in  the  sense  that  the  sample  may  no  longer 

be  suitable  for  mechanical  or  other  measurements  so  that  only  the  pole  density 
out  to  $  =  70  c  was  determined  in  this  work. 

The  Schulz  reflection  method  was  used  to  determine  tie  orientation  of 
silicon  carbide  whiskers  in  an  epoxy  matrix.  A  Siemens  full-circle  goniometer, 
copper  K~X  radiation  and  a  crystal  detector  were  used  to  obtain  the  data. 

With  this  instrument,  the  sample  can  be  continuously  and  simultaneously  rotated 
through  $  degrees  of  latitude  and  q-  degrees  longitude  at  a  fixed  rate.  The 
angle  $  was  varied  at  1  *  per  minute  while  a  was  changed  '560"  every  4  minutes. 

In  order  to  insure  that  the  detector  was  not  encountering  neighboring  diffraction 

ZZ  -  2  5- 

peaks  ,  the  (1.120)  peak  of  silicon  carbide  was  chosen  for  study  ".  The  (1120) 

is  a  major  peak,  for  good  peak-to-noise  ratio,  and  is  sufficiently  removed  from 

neighboring  peaks.  Spurious  signals  were  minimized  by  using  pulse-height 

analysis  to  discriminate  diffraction  due  to  wavlengths  longer  and  shorter  than 

the  copper  K-X  ra'  lation.  ir.  order  to  achieve  clear  definition  of  the  diffracted 

intensity  dist  ribvt  i  an ,  the  diffractometer  slit  system  was  6  milimete  rs  in  length 

and  0.  5  milimete ’  in  height.  The  aperture  slit  system  was  1  by  2.  5  milimete rs 
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which  assured  that  no  part  of  the  incident  beam  left  the  sample  surface  during 

the  run.  For  a  good  statistical  sampling  of  the  orientation  across  the  sample 

surface,  the  sample  holder  was  vacillated  back  and  forth  by  +  7.  5  milimeters. 

The  technique  is  demonstrated  by  the  following  example.  The  composite 

was  made  with  silicon  carbide  whiskers  which  had  been  highly  oriented  by  the 

spinning  process  previously  mentioned.  The  burned  off  whiskers  were  impregnated 

with  an  epoxy  resin  containing  a  curing  agent  and  a  coupling  agent.  The  pre- 

pregged  sample  was  then  cured  under  2000  psi  pressure  at  150  "C  for  )  hour. 

The  finished  composite  contained  approximately  50  volume  percent  silicon  carbide. 

The  random  sample  was  made  with  beta  silicon  carbide  powder  impregnated  with 

epoxy.  Beta  silicon  carbide  has  a  major  peak  occurring  at  the  same  Bragg  angle 

23 

as  the  alpha  form  .  The  resultant  samples  were  1  x  7/8  x  1/16  inch  sheets. 

Two  sheets  were  stacked  together  during  irradiation  in  order  to  provide  suffi¬ 
cient  scattering  volume  for  the  diffracted  x-rays*^. 

The  observed  intensities  were  corrected  for  background  by  subtracting 
the  average  of  the  background  intensity  measured  two  degrees  above  avid  below 

•y  a  ^  c 

the  Bragg  diffraction  peak  ° 


1(*>Q,)  =  W  (*,a)  '  Jbkg.  (*>cy) 


(1) 


In  the  Schulz  reflection  method,  defocusing  of  the  diffracted  beam  occurs  as 
the  goniometer  ring  is  rotated  from  the  $  -  0°  (reflecting  surface  vertical)  to 
$  -  90  °  (reflecting  surface  horizontal).  This  defocusing  results  in  appreciable 
los s  of  diffracted  intensity,  the  loss  increasing  with  increasing  $.  This 
decrease  can  be  determined  experimentally  however,  by  observing  the  change 
in  diffracted  intensity  from  a  randomly  oriented  sample  as  i  changes*^.  The 
data  from  the  oriented  sample  are  then  corrected  for  each  $  position  by  a 
factor  equivalent  to  the  change  in  random  intensity. 


Correction  Factor 


IR  (0.*) 
IrIIT^T 


I  (i ,  <y) 


lR 


R 


(0  » o) 

ira 


(2) 


I  («  ,a) 


(3) 
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where 


Xob«(#,0,)  * 

iLkg  ti,a) 

1  (i„a')  - 


IR  <0.„) 
(#,■*) 
Ic  (t  >0f) 


Observed  intensity  from  oriented  sample. 

Background  intensity  from  oriented  sample. 

Observed  intensity  corrected  for  background. 

Random  intensity  corrected  for  background  at  #  =0. 

Random  intensity  corrected  for  background. 

Observed  intensity  corrected  for  background  and  defocusing 
of  the  beam. 


The  final  corrected  intensity,  I  (4,  cr),  can  be  normalized  by  dividing  1^  (t , a) 
by  the  corrected  intensity  at  §  =  0,  I  (0,cy). 


In  (*  .or) 


lc  ($•<*) 

ic  (o/«y 


x  100 


(4) 


A  pole  figure  is  not  necessary  if  the  pole  density  is  visualized  as  a  height 
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above  the  plane  of  the  pole  figure  .  If  the  pole  density  consists  of  a  sharp 
single  orientation  texture,  the  pole  distribution  may  take  the  form  of  a  normal 
probability  curve  The  equation  for  the  normal  curve  depends  on  two  constants 
the  arithmetic  mean  X,  and  the  standard  deviation  a.  The  probability  function 
P{X)  is: 


p(x ; 


'«/here  X 


A  b; 

l  -  i 

N 


— -L_ _  exp  (x*  X)z /2a2  ]  ((-«*><  x  <<») 

a  V 

k  k 

N  T.  f  x/  -  (£  f-XjZ\ 


(5) 
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N 


k 

and  N  =  F  f 

i-  i  1 


Y .  r  va Inc  a i  th e  class. 

Ai 

i.  -  freouencv  of  the  class 

j 
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The  probability  that  a  whisker  picked  at  random  will  be  oriented  within  a  given 
interval  Xj  to  X2  is  the  area  under  the  normal  curve  between  these  limits. 

This  probability  also  represents  the  proportion  of  all  the  whiskers  in  the  sample 
which  are  oriented  between  X5  and  X2.  The  total  area  under  the  normal  curve 
must  therefore  equal  one. 

J  P(X)  =  1 


The  above  equation  gives  an  indefinite  integral  for  any  real  limits  and  therefore 

only  approximate  solutions  can  be  obtained.  Standard  tables  of  such  solutions 
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are  available  and  the  following  liiruts  and  areas  are  sometimes  sufficient  to 
describe  a  given  distribution. 


Limits 

Area  or  Pr 

X  -  a 

to 

X  + 

a 

0. 682? 

X  -  2a 

to 

X  + 

2a 

0. 9545 

X  -  3ct 

to 

X  + 

3a 

0. 9973 

Thus  the  standard  deviation,  a,  gives  a  numerical  measure  of  the  sharpness  of 
the  pole  density  and  the  area  under  the  normal  curve  gives  the  relative  volume 
fraction  of  the  whiskers  within  a  given  set  of  limits. 

The  experimental  results  are  listed  in 

umj  < 

Table  I  where  data  is  given  for  every  5  e  of  i 

and  for  a  -  0°  and  a  =  90°.  This  data  is  ^  X— 

sufficient  to  demonstrate  the  magnitude  of  the  J 
results  without  giving  data  at  each  degree. 

To  calculate  the  standard  deviation  * 

and  arithmetic  mean  of  the  two  distributions  ! 
given  in  Table  I,  the  number  of  degrees  is 
taken  as  X.  and  the  normalized  intensity  as 

i 

f  requency,  f_ .  The  results  of  this  calcula- 

x. 

t  on  are: 


for  i  <’#  ,  0  ) 
n 

and  1  (I  ,  90 


O j  -  15°  and  X  =  0° 

O  2  —  H>  and  X  ~ 


0  ". 
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The  significance  of  these  results  can  be  seen  in  Figures  8  and  9-  The  sheet 
composite  is  illustrated  in  Figure  8  where  the  longitudinal,  transverse,  and 
normal  directions  are  labeled.  Since  the  (1120)  direction  is  perpendicular  to 
the  whisker  axis  (the  (0001)  direction),  the  distribution  of  (I'ZO)  planes  is  a 
direct  measure  of  the  distribution  of  the  whisker  ends,  the  (0001)  planes. 

Figure  9  shows  this  distribution  relative  to  the  sample  directions.  The  whiskers 
are  highly  oriented  along  the  longitudinal  axis  with  respect  to  the  normal 
direction  and  much  less  highly  oriented  with  respect  to  the  transverse  direction. 


r 

J  Figure  8  The  Composite  Coordinates  Figure  9  Pole  Density  Distribu- 

Showing  Normal  Direction  (ND),  Transverse  tion  woth  Respect  to  the  Composite 
Direction  (TD),  and  Longitudinal  Direction  Coordinates 

(DD) 

This  result  was  to  be  expected  since  the  sample  is  compressed  in  the  normal 
di  x’cction  during  pressure  molding  with  flow  occurring  in  the  transverse 
arid  longitudinal  directions. 

As  the  degree  of  orientation  improves,  the  standard  deviation  along  the 
transverse  direction  (Oj)  for  the  (1120)  planes  becomes  larger  since  the  pole 
density  ia  approaching  rotational  symmetry  about  the  longitudinal  direction. 

The  standard  deviation  along  the  normal  direction  {<jz)  becomes  smaller  with 
improving  orientation.  Thus  the  distribution  of  the  whisker  ends  is  inversely 
proportional  to  0\  and  directly  proportional  to  c2.  A  single  number  representing 
both  distributions  would  have  to  e  some  function  of  the  ratio  of  oi  to  o, , 

p  f  hi/o j)  . 

A  better  solution  to  this  problem  would  be  to  meat'  the  (1  120)  pole  density  around 

the  edge  of  the  sample,  from  TD  to  LD  in  Figur  e  »  will  involve  the 

quantitative  transmission  method  which  ia  current'. >  u  ' rwa y . 
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The  above  analysis  of  the  experimental  data  depends  on  the  assumption 

that  the  pole  density  distribution  follows  the  normal  curve.  Figure  10  shows  a 

plot  of  Ln  I  ($)  versus  $2.  The  solid  lines  represent  theoretical  normal 
n 

distribution  obtained  by  inserting  the  experimental  standard  deviations  and 
arithmetic  means  into  Equation  5.  The  circled  data  points  are  the  experimental 
intensities  from  Table  I.  The  data  follows  the  normal  curve  initially  but 
shows  increasing  deviation  with  increasing  #. 

This  deviation  may  result  from  the  defocusing  dis¬ 
cussed  earlier.  The  intensity  decreases  with  \  j  j 

increasing  $  so  that  finally  at  $  =  70°  the  correction  14  i  '  's\^  *  •  J 

for  defocusing  results  in  a  100  percent  increase 

in  the  measured  intensity.  The  precision  of  the  - j—  - - 

data  will,  therefore,  decrease  proportionally.  j  \  — '  ' 

The  deviation  from  normality,  however,  should  not  j  \  j  *  •  ' 

t  ’ 

detract  from  the  usefulness  of  the  results  since  it 

is  the  sensitivity  of  the  method  for  measuring  small  “  e  “ 

deviations  in  whisker  orientation  which  is  impor¬ 
tant.  Figure  10  Theoretical  am 


L  * 


Figure  10  Theoretical  and 

.  ..  ..  .  ,  ..  Experimental  Data  for  Ln  I 

Jrie  relative  error  in  the  counting  rate  of  the  ,  no  n 

6  ($/  versus  r  for  a  0 

measured  x-ray  intensity  varies  from  about  3%  and  90° 

at  4=0°  to  about  6%  at  $  =  70°,  at  the  95%  confidence  level.  The  increasing 
error  with  increasing  $  is  due  to  the  decreasing  x-ray  intensity  resulting  from 
defocusing.  The  precision  can  be  increased  by  longer  counting  times.  The 
full-circle  goniometer  can  be  accurately  read  tr  ±  1/4°. 

X-ray  diffraction  has  been  shown  to  offer  a  quantitative  means  of  measuring 
the  degree  of  orientation  in  whisker  filled  polymer  composites.  By  treating 
the  measured  x-ray  intensities  as  a  normal  distribution,  the  standard  deviation 
becomes  a  measure  of  the  degree  of  orientation.  The  precision  of  the 
measurements  indicates  that  small  deviations  in  orientation  should  be  detectable. 

The  reflection  method  offers  the  advantage  over  the  transmission  method 
in  that  it  does  not  require  thin  samples  and  it  is  not  necessary  to  make  corrections 
for  absorption  and  volume  of  scattering  material.  The  method  should  be 
applicable  to  any  composite  containing  a  crystalline  filler  exhibiting  a  certain 

degree  of  orientation  in  the  crystallites.  The  measurements  and  calculations  are 

2  4 

readily  amenable  to  computer  techniques  which  eliminate  tedious  hand 


c  ale  illations . 
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SPIN  ORIENTATION  OF  WHISKER  FIBERS  (O.  D.  Deex} 

Single*  crystal  whisker  fibers  probably  represent  the  ultimate  in  properties 
obtainable  in  a  fiber  reinforcement  for  use  in  composites.  Materials  such  as 
SiC,  S13N4  and  AI2O3  are  reported*  to  have  moduli  in  excess  of  50  x  106  psi 
and  tensile  strengths  of  2-3  x  IQ6  psi.  Utilization  of  these  properties  however, 
requires  among  other  things,  that  the  whisker  fiber  be  oriented.  Orientation 
permits  development  of  composite  strength  in  the  desired  direction  and  also  allows 
close  packing  of  the  whiskers  so  that  high  volume  loading  can  be  achieved. 

One  means  of  orienting  micron  size  whiskers  is  by  spinning  them  into  an 
organic  fiber.  The  flow  forces  at  the  spinneret  and  the  draw  given  the  fiber 
align  the  W'hiskera  along  the  fiber  axis.  The  fiber  forming  matrix  can  then  be 
burned  off  and  the  resulting  whisker  strands  impregnated  with  the  desired 
thermoset  or  metal  matrix. 

2 

Workers  at  Carborundum  Company  have  reported  the  use  of  poly(acrylonitrile) 
copolymers,  poly(ethylene-maleic  anhydride)  and  nylon  66  to  orient  SiC  whiskers. 
Filaments  containing  10  volume  percent  SiC  in  the  poly(acrylonitrile)  copolymer 
system  are  commercially  available"*.  These  filaments  show  very  good 
orientation  by  x-ray  measurements,  but  burning  off  the  matrix  resin  without 
destroying  the  orientation  is  very  difficult.  Even  thin  "mats"  made  from  these 
strands  tend  to  curl  when  ignited. 

4 

Workers  in  Great  Britain  have  also  reported  success  in  orienting  Si3N4 
whiskers,  but  no  details  have  yet  been  published  nor  are  their  strands  available. 

Since  our  interest  in  whiskers  lies  in  their  performance  in  composites, 
we  have  developed  several  fiber  spinning  systems  which  can  be  readily  used 
in  the  laboratory,  are  amenable  to  a  variety  of  whisker  materials,  and  allow 
burn- off  (even  in  relatively  thick  sections)  without  loss  of  whisker  orientation. 

These  are  described  below.  The  properties  of  composites  made  from  the 

5 

oriented  whiskers  are  described  in  another  paper  . 

General  Considerations 

To  be  suitable  for  whisker  orientation,  the  temporary  matrix  polymer  must 
have  a  number  of  attributes.  These  include: 

1.  The  polymer  must  be  a  good  fiber  or  film  former.  This  implies 

a  high  molecular  weight,  linear  polymer  preferably  soluble  in  a  readily 
available,  non-toxic  solvent.  A  long  list  of  such  materials  is  available 
from  any  good  text  on  man-made  fibers. 

The  temporary  matrix  polymer  must  be  capable  of  being  wet  spun 
from  fairly  dilute  solution,  preferably  under  10%.  The  surface  area 
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to  volume  ratio  of  most  whisker  fibers  is  such  that  2.0-2.  5  volume 
%  is  the  maximum  that  can  be  handled  in  the  spinning  solution, 

(Actually,  the  aspect  ratio  as  well  as  the  surface  area  influences  the 
concentration.  As  the  aspect  ratio  goes  up,  the  concentration  of 
whiskers  must  be  decreased.  )  Thus  at  2  vol.  %  whiskers  in  the  spinning 
solution,  10%  polymer  will  give  a  fiber  containing  20  vol.  %  whiskers, 

5%  gives  40  vol.  %,  etc.  Melt  spinning  is,  of  course,  very  poor 
(100%  polymer).  Dry  spinning  generally  requires  concentrated  polymer 
solutions  (~25%  )  and  is  difficult  on  a  laboratory  scale. 

3.  The  filled  fiber  must  have  sufficient  strength  as  it  emerges  from  the 
bath  to  allow  draw,  windup  and  handling.  Although  most  of  the  whisker 
orientation  probably  occurs  at  the  spinneret,  drawing  the  fiber  further 
increases  orientation.  Obviously  a  very  weak  fiber  is  difficult  to  wind 
up  and  does  not  lend  itself  readily  to  the  direct  formation  of  fiat  tapes 
or  mats. 

4.  The  spinning  solution  (polymer  +  solvent)  must  be  capable  of  dispersing 
the  whiskers.  Rigid,  fibrous  particles  have  a  great  tendency  to  form 
aggregates  or  clumps.  These  can  be  broken  up  with  a  high  shear  stirrer 
(e.  g.  a  blender)  but  will  reform  unless  the  spinning  solution  has  some 
dispersing  ability. 

5.  The  spinning  solution  must  also  have  sufficient  viscosity  to  pull  the 
whiskers  through  the  spinneret  and  prevent  the  formation  of  aggre¬ 
gates  which  "filter"  the  solution.  In  general,  it  has  been  found  that 
the  viscosity  rather  than  the  ability  to  form  fibers  limits  the  lower 
concentrations  that  can  be  used  with  moot  polymers. 

6.  The  dry,  whisker  filled  fiber  must  be  flexible  enough  to  be  unwound 
from  the  takeup  drum,  straightened,  formed  into  mats,  wound  on  a 
mandrel,  shipped,  etc.  While  any  fiber  containing  ]0  vol.  %  or  more 
whiskers  will  be  brittle,  the  ability  of  certain  matrix  polymers  to  be 
plasticized  temporarily  with  water  enhances  their  utility  a  great  d~al. 

The  temporary  matrix  must  burn  off  without  disturbing  the  crie.ntat.ion 
of  tlie  whiskers  and  without  leaving  a  residue.  Materials  which  char 
and  burn  without  melting  (c-.g,  cellulose)  are  ideal.  However,  resins 
which  char  very  close  to  their  melting  point  are  also  useable  by  preheating 
before  actual  burn  off. 
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A  number  of  temporary  matrix  polymers  have  been  used  and  are  listed 
below,  together  with  brief  comments.  Preparation  and  use  of  the  more 
successful  polymers  are  described  in  detail. 

Methyl  cellulose  (Dow  Methocel  MC-4000  cps  and  90  HG-4000  cps)  --  poor 
wet  and  dry  strengths,  extremely  sensitive  to  water. 

Carboxymethyl  cellulose  (Hercules  CMC  types  7H  and  7M)  --  poor  fiber 
formers,  disperse  whiskers  well. 

Poly  (ammonium  isobutylene  maleamate)  (Monsanto  experimental  sample)  -- 
weak  fiber,  difficult  to  coagulate. 

Poly  (vinyl  alcohol)  (duPont  Elvanol  72-60)  ~~  good  fibers  but  difficult  to 
remove  the  (NH^SO*  left  from  the  coagulating  bath.  Very  brittle  unless  plasti- 
c i /,«•<!.  Does  not  disperse  whiskers  unless  CMC,  Na4P207  or  sodium  lauryl 
sulfate  i s  added. 

Alginic  acid  (Kelco  Superloid)  --  very  poor  vet  strength,  difficult  to  handle. 
Excellent  whisker  disperser. 

Cuprarnmonium  rayon  (laboratory  preparation,  see  below)  --  gives  good 
liber  with  adequate  wet  arid  dry  strength.  Requires  dispersing  aid  such  as 
'-la,,P207  (best)  or  sodium  lauryl  sulfate. 

Cellulose  acetate  (Eastman  types  400-25,  3Q4~45  and  394-60)  --  gives  a 
porous,  weak  fiber  when  wet  spun  from  most  solvents,  however,  disperses 
whiskers  well  and  is  easy  to  handle.  With  methyl  acetate  as  the  solvent,  the 
liber  is  sticky  and  can  be  used  to  make  mats  or  tapes  directly  on  the  takeup 
drum.  Plasticizes  well  with  water. 

Cellulose  Triacetate  (Eastman  Cat  2314)  --  gives  best  fiber,  strong  enough 
lo  be  wound  onto  mandrels  and  handled.  Requires  careful  burn  off. 

Of  these  n  iterials,  the  rayon  and  the  two  cellulose  acetates  appear  to  be 
mo-.it  suitable  for  whisker  orientation. 

I  , \ pe  r  mu' n  tal 

All  reagents,  solvents,  etc.  except  where  spe<  tin  ally  noted  to  the  contrary 
a  re  reagent  or  laboratory  grade,  used  as  supplied  by  the  larger  supply  houses. 

SiC  whiskers,  purchased  from  Carborundum  Company,  were  used  for  all  of 
this  work.  A.;  received,  the  SiC  contains  about  70%  particulate  matter  and  very 
short  fibers.  The  particulate-  matter  is  removed  by  a  flotation  method  and  the 
fibers  classified  bv  wet  sc  -eerung.  The  largest  of  the  classified  material, 
which  comprises  10-20%  of  the  starting  material,  has  a  number  average  diameter 
of  I.  2  Up  and  a  number  average  !e  gth  of  70p;  a  nominal  aspect  ratio  of  5  6:1. 
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Sirsce  the  lengths  and  diameters  were  measured  separately,  the  true  aspect  ratio 
and  aspect  ratio  distribution  are  not  known. 

Removal  of  the  fine  particulate  matter  from  the  SiC  results  in  a  tendency 
for  the  remaining  long  fibers  to  form  aggregates  or  clumps  when  suspended  in 
a  liquid  medium.  (This  has  been  observed  with  other  rigid  fibers  as  well.  ) 

The  larger  of  these  aggregates  will  block  the  spinneret;  the  smaller  ones  cause 
the  fiber  to  be  "knotty"  and  poorly  oriented.  About  the  only  effective  means 
of  dispersing  these  aggregates  is  a  high  speed  stirrer.  A  Blender  run  at 
medium  speed  works  well.  Good  results  have  also  been  obtained  with  a  modified 
tissue  grinder  (0,820"  rotor  in  a  0.890"  tube).  Some  whisker  damage  results 
from  the  use  of  such  vigorous  treatment  but  this  is  unavoidable  since  milder 
agitation  (viz.  gentle  stirring,  tumbling,  shaking)  does  not  disperse  the  whiskers. 

The  design  of  the  spinneret  or  orifice  is  quite  important.  The  square- 
edged  spinneret,  (i.  e.  ,  a  hole  drilled  in  a  flat  plate  or  cup)  normally  used  for 
fiber  spinning,  blocks  readily  and  <:  not  be  used.  Instead  the  orifice  must  be 
in  the  form  of  a  venturi  with  curved  inner  walls.  The  orifices  used  for  this 
work  were  drawn  from  glass  tubing  with  an  original  inside  diameter  of  0.087". 
Normal  tip  inside  diameter  is  0.030'  ,  although  a  range  from  0.020"  to  0.040" 
has  been  used. 

The  spinning  set  up  is  quite  conventional  and  is  similar  to  that  described  in 
standard  texts^.  A  50  ml  B-D  disposable  syringe  is  filled  with  the  spinning 
solution  and  the  glass  orifice  attached  with  a  piece  of  polyethylene  tubing.  The 
syringe  is  placed  vertically  in  a  Model  255-  1  Sage  syringe  driver  and  the  tip 
of  the  orifice  lowered  until  it  touches  the  spin  bath.  The  bath  is  36"  long  x  2"  deep 
x  3"  wide.  The  fiber,  as  it  (merges  from  the  orifice  i3  led  under  a  polyethylene- 
coated  hook  near  the  bottom  of  the  bath,  through  the  bath  to  another  hook  at  the 
far  end,  up  over  a  fluorocarbon  rod  and  then  to  the  guide  and  takeup  drum. 

Both  the  takeup  drum  and  the  guide  are  run  with  variable  speed  motors.  Normally 
the  solution  is  expelled  from  the  syringe  at  3  ml /min.  ,  the  guide  moves  0.  4" /min. 
and  the  fiber  is  taxen  up  at  4  5'  /min. 

7,  H  ,  '» ,  10 

The  cup  rammonium-  c  dlu]  oge  solution  is  made  as  follows: 

To  22.  5g  CuS04  (anhy)  in  a  250  ml  beaker  is  added  100  ml  H20.  When  the  CuSC4 
has  dissolved,  80  nil  15N  NH4OH  and  enough  to  make  200  ml  total  solution 

is  added.  In  a  100  nil  beaker,  1  !.  25g  NaOH  is  dissolved  in  enough  H2t)  to  make 
80  ml  solution.  Roth  solutions  are  cooled  to  0.  4  *C ■  Then  the  thi.S04  solution 
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is  poured  into  a  pre- cooled  (ice)  1  qt.  glass  Blendor  jar  and  the  beaker  rinsed  with 
two  5  ml  portions  of  H20.  The  stirrer  is  started  and  the  NaOH  solution  is  added 
and  its  beaker  rinsed  with  two  5  ml  portions  of  HzO.  To  the  resulting  cold, 
deep  purple,  300  ml  solution  of  cuprammonium  hydroxide  is  added  J3.0g 
absorbent  coifcon  (cellulose).  The  stirrer  is  adjusted  to  give  maximum  stirring 
with  minimum  air  entrapment.  The  cotton  is  added  in  small  pieces  as  rapidly 
as  possible.  The  resulting  viscous  solution  is  then  stirred  vigorously  until 
it  warms  to  20  aC,  cooled,  restirred  etc.  ,  for  about  2  hours,  or  until  it  is 
smooth  and  all  the  cellulose  has  dissolved.  The  solution  may  be  stored  under  N2 
in  the  dark  at  15°C  for  up  to  6  weeks. 

This  solution  is  used  to  spin  oriented  whiskers  as  follows:  Thirty  ml  of  the 
4%  stock  solution  and  0.  lg  Na4P207  *  10  H20  are  placed  in  a  50  ml  Blender 
jar  and  thoroughly  mixed.  Then  2.0g  classified  SiC  whiskers  are  added  to  the 
solution  in  small  portions,  with  stirring  to  wet  and  disperse  them.  Since  air  is 
entrapped  with  the  fluffy  SiC,  it  is  necessary  to  stop  the  stirrer  and  "burp" 
the  solution  frequently.  When  the  SiC  is  reasonably  well  dispersed,  10  ml 
4.  5N  NH4OH  is  added  and  the  solution  is  sucked  into  a  50  ml  disposable  syringe, 
the  air  bubble  worked  out  and  the  syringe  capped.  A  partial  vacuum  is  created 
by  withdrawing  the  plunger  part  way  and  the  solution  is  degassed  by  vibrating 
and  tapping  tine  syringe.  When  degassed,  the  syringe  is  fitted  with  a  0,040- 
0.050"  glass  orifice  and  placed  in  a  syringe  driver.  The  solution  is  spun  into 
2N  NaOH.  The  takeup  drum  is  run  ai  a  speed  that  just  causes  the  fiber  to  lift 
off  the  bottom  of  the  bath.  At  the  end  of  the  run,  the  loose  ends  are  taped  to 
the  drum  and  the  fiber  is  washed  for  15  minutes  in  warm  ( 15-40  "C),  running 
tap  water.  During  this  process  the  fiber  shrinks  to  about  half  its  original  diameter. 
Next  the  fiber  is  washed  for  15  minutes  in  IN  H2S04  and  finally  for  30-45  minutes 
in  warm  running  water.  When  dry  (overnight  in  air)  the  yield  is  usually  3g 
fiber  containing  40  vol.  %  SiC  (62  wt.  %). 

The  cellul  ose  acetate  spin  solution  is  made  as  follows  when  using  the 
394-45  (39.4%  acetyl,  45  sec.  ASTM  vise)  or  400-25  (40.0%  acetyl,  25 
sec  ASTM  vise)  cellulose  acetate,  which  are  available  in  powder  form: 

To  50  ml  methyl  ethyl  ketone  in  the  50  ml  Blender  is  added  2.  5g  classified  SiC. 

The  mixture  is  stir  rev!  to  wet  and  disperse  the  whiskers  and  with  continued 
stirring,  4.  Og  cellulose  acetate  powder  (Eastman  400-25  or  394-4  5  )  is  added. 
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The  mixture  is  stirred  until  the  cellulose  acetate  is  dissolved  and  the 
whiskers  thoroughly  dispersed.  The  solution  is  then  sucked  into  a  50  ml 
disposable  syringe,  degassed  (as  described  above)  and  spun  into  Stoddard 
solvent  through  a  0.020-0.030"  glass  orifice.  The  takeup  rate  is  adjusted  to 
just  raise  the  fiber  off  the  bottom  of  the  bath.  After  drying  over  night  a  yield 
of  a  5.5  fiber  containing  20  vol.  %  SiC  (38  wt-  %)  is  obtained. 

For  the  preparation  of  flat  composites,  the  whisker  strands  are  most 
conveniently  handled  as  flat  tapes  or  mats  one  or  two  fibers  deep  and  1-6" 
wide.  As  the  cupram  and  acetate  fiber  are  relatively  weak  and  brittle,  this  is 
best  done  by  soaking  the  drum  of  fiber  in  distilled  water  for  5-10  minutes,  laying 
it  on  a  flat  glass  plate  and  cutting  off  the  fibers  so  they  can  be  rolled  out  on  the 
plate.  The  fibers  are  then  combed  with  a  wire  or  small  spatula  until  they  are 
parallel  and  painted  with  a  3-4%  solution  of  poly(vinyl  alcohol)  to  glue  them 
together.  When  dry,  the  mat  can  be  cut  into  pieces  of  the  desired  size  and 
shape. 

If  single  fibers  are  not  desired,  tapes  may  be  made  directly  on  the  takeup 
drum  by  spinning  the  high  molecular  weight  cellulose  acetate  (Eastman  394-60) 
from  methyl  acetate.  Since  the  394-60  acetate  is  in  flake  form  and  does  not 
dissolve  rapidly  it  is  made  up  as  a  10%  solution  in  methyl  acetate  before  use. 

The  spinning  solution  is  made  up  as  follows::  Two  grains  of  classified  SiC  is 
placed  in  a  stoppered  125  ml  bottle  and  10  ml  acetone  added.  After  brief 
shaking,  the  SiC  forms  into  granules.  These  are  added  in  sma1!  portions  to  30 
ml  10  %  394-60  cellulose  acetate  in  methyl  acetate  in  the  50  ml  Blender,  using 
the  stirring  and  burping  techniques  previously  described.  When  the  solution 
is  thoroughly  mixed  and  smooth,  it  is  sucked  into  a  syringe  and  spun  into 
Stoddard  solvent.  The  travel  of  the  guide  is  adjusted  so  that  each  turn  of  fiber 
on  the  drum  touches  the  next.  Since  the  fiber  ia  sticky  as  it  emerges  from  the 
bath,  a  continuous  tape  i.s  formed.  At  the  end  of  the  run  it  is  cut  off  the  drum, 
moistened  with  water  arid  allowed  to  dry  between  two  flat  glass  plates.  The 
tape  contains  21  vol.  %  SiC. 

Cellulose  triacetate  (Eastman  Cat  2314)  is  spun  exactly  as  described  above 
except  that  chloroform  if  used  for  the  solvent  and  >0  ml  of  a  13.3%  solution  is 
used  with  2.  5g  classified  SiC-  The  fiber,  which  ia  no?  sticky,  contains  20  vol.  % 
SiC.  Since  the  fiber  is  quite  strong  and  reasonably  flexible  when  wet  with  water, 
it  can  be  unwound  Iron-,  the  drum  and  rewound  on  a  mandrel  to  give  rnati.  of  any 
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dasired  shape  or  size.  If  the  fiber  is  wound  evenly,  flat  tapes  can  be  made 
quickly  by  pushing  moistened  fibers  together  on  the  take-up  drum,  painting  with 
poly(  vinyl  alcohol)  solution,  cutting  and  flattening. 

All  of  these  resins  can  be  burned  off  of  the  oriented  rfiC  whisker  without 
disturbing  the  orientation.  The  rayon  can  be  burned  off  directly  at  600  *C, 

Cellulose  acetate  burns  off  well  at  600  "C,  although  &  slow  rise  (1-2  hours) 
from  250  "'C  to  600  °C  appears  to  give  better  results.  Cellulose  triacetate  must 
be  charred  ai  32,5- 350  °C  for  an  hour  before  complete  burn  off  at  600  °C. 

Discussion 

G up r ammonium  rayon  is  normally  spun  from  an  3%  solution  into  hot  running 
eater.  At  3%  ,  coagulation  in  water  ie  poor  and  acid  coagulation  give©  a 
weak  fiber,  so  sodium  hydroxide  solution  is  used.  The  sodium  pyrophosphate 
is  needed  to  keep  die  whiskers  dispersed.  Sodium  lauryl  sulfate  (at  the  same 
concentration)  also  works  well  but  forms  foam  which  makes  degassing  very 
difficult.  Whisker  loading  to  50  vol.  %  is  possible  but  the  40  vol.  %  used  gives 
a  better  fiber. 

Although  it  was  not  tried  in  the  course  of  this  work,  viscose  rayon  should 
give  results  comparable  to  cuprammonium  rayon.  Visco.se  is  difficult  to 
prepare  reproducibiy  on  a  small  scale,  but  is  very  amenable  to  filling  and  variations 
in  draw  cross-section,  etc. 

Cellulose  acetate  is  normally  dry  spun  from  a  25%  acetone  solution.  A 
large  number  of  eolvent-non  solvent  systems  were  investigated  to  develop 
a  suitable  one  for  wet  spinning  a  10%  solution.  Even  the  best  of  these,  methyl 
ethyl  ketone  into  Stoddard  solvent,  gives  a  weak,  brittle,  porous  fiber  with  a 
flat  corss-section.  Nevertheless,  the  whisker  filled  strand  is  strong  enough  to 
allow  handling  and,  plasticisted  with  water,  can  be  shaped  and  made  into  mats. 

The  three  different  grades  of  cellulose  acetate  used  all  give  about  equal  results. 

Cellulose  triacetate  is  normally  dry  spun  ir<  a  manner  similar  to  that  used  for 
the  acetate.  Unlike  acetate,  nowever,  it  can  be  readily  wet  spun  from  10%  chloro¬ 
form  or  methylene  chloride  solution  to  give  a  dense  transparent  fiber  of  flat 
cross- section.  Thus  the  whisker- filled  strands  exhibit  good  strength.  Although 
less  sensitive  to  water  than  cup  ram  or  acetate,  S3  C- filled  triacetate  becomes 
sufficiently  pliable  when  wet  to  allow  yhavp  bends  without  breaking. 

X-ray  diffraction  pictures  of  the  cuprum,  acetate  and  triacetate  SiC- filled 
strands  are  shown  in  Figures  i,  2  and  >.  .nil  show  good  orientation.  Although 
the  cup  ram  fiber  is  somewhat  better  than  the  acetate**,  composites  made  from 
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Figure  i  Cupram  -  SiC  Filled 
Strand 


Figure  ?. 
St  rand 


whiskers  oriented  in  the  different  polymers  are  comparable.  Evidently ,  the 
slight  differences  is  S.  t  in  the  manipulations  required  to  .make  the  test  carnal 


Acetate  -  SiC  Filled 
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Obviously,  much,  remains  to  be  done  to  quantify  and  refine  the  system. 
Orifice  design,  the  effect  of  varying  extrusion  rate  and  draw,  and  the  influence 
of  stirring  on  whisker  damage  and  dispersion  are  among  the  more  important 
-'triable!?  that  have  not,  as  yet,  been  completely  investigated.  Equally 
important  is  the  study  of  whisker  fibers  other  than  SiC,  preferably  ones  with 
aspect  ratios  of  100  or  200  to  1. 

While  the  temporary  matrix  method  is  a  tedious,  commercially  expensive 
way  of  utilising  whisker  fibers,  it  is  a  relatively  quick  and  simple  system  for 
evaluating  their  potential  in  the  laboratory. 

References 

1.  Sutton,  W.  H.  Astronautics  and  Aeronautics,  p.  46  (August  1966). 

2.  Wohrer,  L.  C.  and  J.  Economy.  "Single  crystal  fiber  reinforcements," 
(paper  presented  at  the  November  .1966  SAMPE  Meeting). 

3.  Carborundum  Company,  Bulletin  No.  202,  "Silicon  carbide  whisker 
filaments.  " 

4.  Parratt,  N.  J.  ,  Chem.  Eng.  Prog.  ,  62  #  61  (March  1966). 

5.  Tolbert,  T.  I  .  This  report  p.  228. 

6.  Sorenson,  W.  and  T.  W.  Campbell.  Preparation  Metliods  of  Polymer 
Chemistry,  p.  30  (interscience,  NY-,.  196l). 

7.  Moncrieff,  R.  W.  Artificial  Fibers,  pp.  127-1  32  {Wiley,  N.Y  ,  1950). 

8.  U.  S.  2,336,481  (CA  38,  3127z). 

9.  U  S.  2,247,  120  (1937). 

10.  Browning,  B.  L.  ,  et  al.  Tappi ,  37.  273  ( !  954). 

FABRICATION  OF  WHISKER  COMPOSITES  (T.  1,.  Tolbert) 

Whiskers  are  among  the  most  promising  of  ail  short  fibers  for  reinforcement 
of  structural  composites.  Unfortunately ,  the/  also  present  some  of  the  greatest 
challenges  from  the  standpoint  of  composite  fabrication.  The  problem.*  in 
preparing  directionally  reinforced  whisker  composites  are  such  that  the  extent 
to  which  whisker  properties  can  be  practically  utilized  has  not  even  been  fully 
determined.  Consequently,  the  primary  objective  of  fabrication  work  in  this 
area  is  to-  evaluate  the  practical  importance  of  whiskers  as  reinforcing  agents. 
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It  is  aimed  at  developing  laboratory  methods  lor  preparing  whisker  reinforced 
composites  and  at  comparing  whisker  reinforcement  with  that  given  by  other 
types  of  short  fibers.  Additional  goals  are  to  evaluate  whisker  processing 
variables  in  terms  of  composite  performance  and  to  define  process  and  handling 
requirements  for  practical,  larger  scale  use  of  whiskers  in  composites. 

Silicon  carbide  whiokerc  purchased  from  the  Carborundum.  Company  have 
been  used  almost  exclusively  in  these  studies.  Although  the  "as  received” 
material  contains  a  great  deal  of  particulate  matter  and  many  of  the  whiskers  are 
covered  with  overgrowth,  this  is  the  oilv  whieker  material  available  at  a  price 
which  permits  use  in  quantity.  Techniques  have  been  worked  out  for  cleaning  and 
sorting  the  whiskers  and  for  unidirectionally  aligning  them  in  strands  of  carrier 
polymer;  these  are  described  elsewhere.  The  classification  procedure  yields 
two  fractions  of  reasonably  good  quality  whiskers  comprising  a  total  of  about 
30%  of  the  starting  material,  in  addition  to  a  small  amount  of  relatively  long 
fibers.  Only  these  fractions  have  been  used  for  fabrication  studies.  Fibers 
in  the  preferred  fraction  have  a  number  average  diameter  of  1.25p  and  a 
number  average  length  of  70p  (l/d  of  56);  those  in  the  other  are  nhorter  and  vary 
more  in  size  (l/d  <  50,  probably  20  -30). 

Essentially  the  same  procedure  has  been  used  to  incorporate  whiskers  in 
composites  for  all  levels  of  loading  and  patterns  of  orientation.  It  involves  two 
steps,  (lj  preparation  of  a  mat  of  whiskers  oriented  as  desired  in  the  final 
composite  and  (2)  addition  of  a  resin  solution  to  yield  a  prepreg  which  can  be 
shaped  and  molded.  Mats  for  randomly  reinforced  composites  are  prepared  by 
dry  pressing  classified  whiskers  under  50-  100  psi  pressure;  enough  entanglement 
results  to  give  the  mat  reasonable  integrity.  Mats  for  directionally  reinforced 
composites  are  prepared  by  hand  laying  whisker- filled  strand  (produced  by  wet 
spinning)  in  the  desired  pattern  and  removing  the  carrier  polymer  by  pyrolysis. 
The  resultant  mat  is  quite  fragile  but  has  enough  green  strength  to  permit 
weighing  and  careful  cutting  and  handling.  Prepregging  consists  of  impregnating 
the  whisker  mat  with  a  dilute  solution  of  resin,  catalyst  and  coupling  agent, 
evaporating  the  solvent,  and  "B  staging"  the  resin  under  controlled  conditions. 
The  prepreg  has  the  consistency  of  damp,  lightweight  cardboard  and  can  be 
readily  shaped  and  molded.  Melding  conditions  range  from  100-  1  90  *C  and 
500-  3500  psi  depending  on  the  nature  of  the  resin,  the  extent  of  "B  staging" 
and  the  final  whisker  loading  desired. 
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Loading  level* ,  fiber  orientation,  and  properties  of  composites  prepared 
in  this  way  can  be  predicted  and  reproduced.  The  composites  exhibit  flexural 
strengths  and  moduli  as  high  as  99  x  103  psi  and  15.4  x  106  psi,  respectively , 

{48  v/o  loading),  thus  easily  qualify  as  high  performance  materials.  Figure  1 
show®  the  levels  and  rate  of  increase  of  flexural  strength  and  modulus  with  fiber 
loading;  Figure  2  compares  specific  properties  as  a  function  of  loading.  The 
magnitude  of  these  values  is  particularly  significant  in  light  of  the  fact  that 
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Figure  1  Properties  of  SiC  Composites  Figure  2  Comparison  of  Specific 

Properties  of  SiC  Composites  with 
Those  of  Aluminum 

aspect  ratios  of  the  whiskers  in  the  composites  average  no  higher  than  50 
(nominal  aspect  ratios  before  spinning  are  only  50-60). 

The  property  levels  which  have  been  obtained  for  silicon  carbide  composites 
are  quite  encouraging.  However,  to  be  of  practical  significance  and  justify  the 
cost  and  labor  involved,  even  on  a  laboratory  scale,  whisker  reinforcement 
must  offer  properties  not  obtainable  with  other  fibers.  The  m  in  advantage  in 
using  whisker  fibers  should  lie  in  their  extremely  high  strengt  i,  if  it  can  be 
translated  into  composite  strength.  The  results  shown  in  Table  1  indicate  that 
this  is  the  case.  The  flexural  strength j  and  moduli  of  compression  molded, 
unidi rectionally  reinforced  composites  of  silicon  carbide  whiskers  and  of  boron 
fiber  are  compared  at  similar  fiber  loading  levels  and  aspect  ratios. 
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The  modulus  of  the  whisker  composite  is  equivalent  to  those  of  the  boi  ^n- rein¬ 
forced  materials,  as  the  rule  of  mixtures  would  predict,  but  flexural  strength  is 
35%  higher. 

TABLE  I 

COMPARISON  OF  COMPOSITE*  PROPERTIES 


Fiber  U  /d) 

Fiber 

Loading 

v/o 

SiC  Whiskers  (50-60) 

48 

1/4"  Hand  Laid  4  mil 

Boron  (62.  5) 

48** 

1/4"  Encapsulated  4  mil 
Boron  (62.  5) 

47 

1/8"  Encapsulated  1.5  mil 
Boron  (83) 

46 

Flexural 
Strength 
x  103  psi 

Flexural 
Modulus 
x  JO^psi 

Specific 
Strength 
x  106  in 

Specific 
Modulus 
x  106  in 

q9 

15.  4 

1. 23 

192 

65 

14.  8 

0.  91 

212 

56 

12.8 

0.83 

190 

66 

14.  9 

0.  64 

144 

*Unidirectionally  reinforced  epoxy  composites  prepared  under  similar 
conditions  by  compression  molding. 

**Data  calculated  for  48  v/o  loading  from  the  highest  results  obtained  for 
1/4"  boron;  the  actual  sample  contained  70  v/o  fiber  and  exhibited 
a  flexural  strength  and  modulus  of  94. 6  x  IQ3  psi  and  ?.] .  7  x  106  psi, 
respectively. 

Control  permitted  by  this  method  of  fabrication  makes  it  possible  to  evaluate 
vhisker  handling  and  processing  variables  in  terms  of  composite  properties 
fable  II  compares  composites  prepared  from  different  types  of  v/hisker- filled 
strand  and  presents  some  preliminary  data  on  the  effect  of  ignition  rate 
md  whisker  aspect  ratio  on  composite  properties.  The  variation  in  properties 
as  a  function  of  strand  composition  and  ignition  rate  has  been  varified  by  x-ray 
!  fraction  measurements*  as  due  to  differences  in  fiber  orientation. 

Much  remains  to  be  done  beiore  the  practical  importance  of  whiskers 
as  reinforcing  agents  can  be  fully  assessed  even  on  a  laboratory  scale.  However, 


*Using  techniques  developed  by  R.  G.  Schierding. 
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TABLE  II 

EFFECT  OF  PROCESSING  VARIABLES  ON  COMPOSITE  PROPERTIES 


Carrier  Polymer  in  Strand 

Whisker 
Loading 
v/ o 

Flexural 

Strength 

10-  psi 

Flexural 
Modulus 
206  psi 

Cellulose  Acetate 

47.  8 

92.  6 

13.  5 

Cellulose  Triacetate 

47.  9 

98.  5 

13.  1 

Cuprammon  :m  Rayon* 

48.0 

90.0 

13.  1 

Polyvinyl  Alcohol*^ 

48.0 

80,  5 

13.  3 

Each  composite  was  prepared  from  the  same  grade  of  silicon  carbide 
whiskers  (l/d  50-60)  and  under  conditions  found  to  yield  best  whisker 
orientation  and  highest  composite  properties  from  that  type  strand. 

♦Sample  had  only  one  molded  edge.  Property  values  projected  from  a 
sample  which  contained  40.6  v/o  whiskers;  original  values  were  76  x  103  pai 
flexural  strength  and  11.  1  x  106  psi  flexural  modulus. 

♦♦Property  values  projected  from  a  sample  which  contained  45  v/o  whiskers; 
original  values  were  75  x  IQ3  psi  flexural  strength  and  12.  5  x  10*  psi 
flexural  modulus. 

Ignition  Rate  of  Strand 

Gradual  Char  48.0  64.  3  10.7 

Rapid  ignition  48-5  56  9.  3 

Acetate  strand  containing  silicon  carbide  whiskers,  l/d  <  50.  Heating 
conditions:  gradual  char,  temperature  gradually  raised  from  25°  to  600" 
over  a  four  hour  period,  sample  held  at  600  °C  for  15  minutes;  rapid 
ignition,  sample  placed  in  oven  at  600  “C  and  held  at  600-650  °C  for  30 
minutes. 

Whisker  Aspect  Ratio 

l/d  =  50-60  17.9  98.5 

i/d  <  50  48.0  5  3.4 


Composites  prepared  from  cellulose  triacetate  strand. 


1  3.  1 
1  3.  4 


several  conclusions  can  be  drawn  from  the  work  to  date. 

1.  High  performance  composites  can  be  prepared  by  reinforcing  epcxy 
resins  with  whisker  fibers,  even  those  having  an  aspect  ratio  as  low'  as 
50. 

2.  The  strength  of  silicon  carbide  whisker  reinforced  epoxy  resins  is 
significantly  higher  than  obtainable  with  boron  fiber  of  the  same  £/d. 

Moduli  are  of  the  same  order. 

3.  The  fabrication  technique  in  use  is  adequate  for  determining  the  effect 
of  parameters  such  as  aspect  ratio  and  orientation  on  properties  and 
for  evaluating  the  strand  produced  by  various  spinning  systems. 

4.  The  current  method  cf  fabrication  may  not  be  practical  for  larger  scale 
studies.  A  simpler  procedure  which  avoids  handling  polymer-free 
oriented  whiskers  is  needed.  Ideally,  a  prepregged  sheet  or  rod  should 
be  obtained  directly  from  the  extrusion  or  spinning  system  and  molded 
directly. 

Experimental 

The  following  procedure  is  typical  of  that  used  to  prepare  specimens  measuring 
4"  x  1/4"  x  1/32";  Package  whisker-filled  cellulose  triacetate  strand  obtained  by 
wet  spinning*  into  mats  by  bonding  4"  lengths  of  parallel  strands  together,  1-5 
layers  deep,  with  a  dilute  solution  of  a  non-melting  polymer  such  as  polyvinyl  alcohol. 
Pyrolyjce  the  mat  by  placing  it  on  a  quartz  plate  in  an  oven  held  at  325-350", 
leaving  it  there  for  45  minutes  and  then  transferring  it  on  the  plate  to  another  oven 
held  at  600  "C  for  20  minutes.  Weigh  the  polymer- free  mat  of  oriented  whiskers 
which  results  and  split  off  the  amount  needed  for  the  composite,  0.  3-0.  9  grama 
depending  on  the  loading  desired,  along  strand  lines.  Compact  the  whiskers 
to  be  used  to  the  approximate  dimensions  of  the  mold,  taking  care  not  to  disturb 
orientation.  Prepreg  the  mat  with  a  predetermined  amount  of  resin  solution 
by  carefully  and  uniformly  adding  it  dropwise  over  the  mat  surface  using  a  syringe 
fitted  with  a  22  or  smaller  gauge  needle;  the  mat  will  darken  but  otherwise 
should  not  change  significantly  in  appearance.  Tht  resin  solution  should  consist 
of  approximately  10  grams  of  Epon  815,  2  grams  (20  phr)  of  curing  agent  Z, 

0.  3  grams  of  amino  silane  A- 1100  finish  and  100  grams  of  dichloromethane. 

Allow  the  impregnated  mat  to  dry  in  the  air  for  15  minutes  before  lightly 
'B  staging"  it  in  an  oven  under  house  vacuum  at  40-45*C  for  30  minutes.  The 
prepreg  which  results  should  look  and  feel  like  damp  cardboard,  but  will  break  and 


*Using  techniques  developed  by  O.  D.  Deex 
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crumble  if  severely  bent  or  rubbed.  Place  it  in  a  conventional  compression 
mold  under  2000-2500  psi  pressure,  holding  it  at  100°C  for  15  minutes  and  then 
at  195  ®C  for  1  hour.  Bumping  the  sample  two  or  three  times  as  soon  as  the 
whole  mold  is  hot  is  advisable  for  samples  containing  more  than  40  v/o 
whiskers.  Post  cure  the  sample  for  4-5  hours  at  150°  for  improved  results. 

The  sample  can  be  tested  in  tension  by  molding  glass  tape  reinforced 
epoxy  tabs  on  the  ends  or  in  flexure  using  a  mic roflexural  jig  with  the  span 
set  for  a  span-to-depth  ratio  of  from  20-1  to  25-1.  Tensile  strengths  have 
been  found  to  range  from  55-60%  of  flexural  strength  for  these  specimens; 
tensile  and  flexural  moduli  are  equivalent.  Whisker  loading  is  most  easily 
determined  gravimetrically;  a  20  minute  exposure  at  600  °C  is  sufficient  to 
burn  off  the  polymer.  For  most  purposes  density  can  be  simply  calculated 
from  the  loading  measurement. 


COMPOSITION  VARIABLES  AFFECTING  SHORT  FIBER  COMPOSITE  PROPERTIES 

(R.  M.  Anderson) 

A  hand  lay-up  procedure  which  permits  control  over  fiber  length,  orientation, 
and  loading  has  been  developed  for  fabricating  composites  from  discontinuous 
boron  fibers.  The  technique  has  been  used  to  establish  experimentally  the 
relationship  of  fiber  variables  to  the  flexural  strength  and  modulus  properties 
of  short  fiber- reinforced  composites.  Graphs  are  presented. 

Preliminary  data  is  also  presented  for  composites  reinforced  with  short 
graphite  fiber.  These  composites  were  prepared  by  hand  lay-up  or  by  extruding 
bundles  of  prepregged  roving  and  compression  molding  the  extrudate. 

It  is  well  documented  that  both  strength  and  modulus  of  fibrous  reinforced 
composites  are  highly  dependent  on  fiber  loading  levels  and  fiber  orientation. 
However,  quantitative  information  is  available  only  for  continuous  fiber  composites 
(i.  e.  ,  where  fiber  length  is  the  same  as  that  of  the  test  coupon). 

The  equation  relating  volume  fraction  of  unidirectional  fibers  and  composite 
modulus  is  quite  familiar: 


F, 

c 


E 

f 


i  F. 

m  m 


where  E 
$ 


Young's  modulus 
Volume  fraction 


-235- 


In  practice,  the  first  term  on  the  right  hand  side  of  the  equation  dominates  and 
decides  the  composite  modulus,  Normally,  9^  is  in  the  range  of  0.4  to  0.  8 

E, 

and  ■=“  ranges  20  to  100;  at  a  minimum  the  first  term  accounts  for  about  93% 


m 

of  composite  modulus  (i.e.  ,  using  =  0.  4,  =  10  x  10*  psi,  and  =  500,000 

psi,  typical  of  a  moderately  loaded  fiber  glass/epoxy  composite). 

Theoretically,  the  equation  is  applicable  to  all  purely  unidirectional 
composites  reinforced  with  continuous  fibers.  It  must  be  modified  for  any 
departure  from  unidirectionality,  however.  The  literature  teaches  that,  on 
the  average,  randomly  oriented  fibers  impart  only  20%  of  their  potential 
modulus  to  the  composite  as  compared  to  nearly  100%  for  unidirectional  fibers. 

As  mentioned  above,  published  quantitative  studies  of  fiber  orientation  and 
loading  parameters  have  been  largely  restricted  to  continuous  fiber  composites. 

A  major  objective  of  our  work  was  to  develop  similar  quantitative  data  for  short 
fiber  composites.  Such  information  would  provide;  (a)  a  test  of  theoretical 
calculations  and  (b)  a  property  map  showing  the  potential  of  discontinuous  fiber 
composites. 

To  accomplish  these  goals  it  was  necessary  to  develop  a  fabrication  technique 
which  would  give  control  of  fiber  orientation.  Hand  lay-up  was  the  technique  chosen. 
It  provides  maximum  flexibility  and  control  of  several  individual  parameters. 

The  essential  steps  of  the  procedure  developed  are: 

1.  Prealignment  of  the  short  fibers  in  a  vibrating  "V"  shaped  trough. 

2.  Placement  of  the  fibers  in  a  cavity  mold  with  a  width  <  fiber 
lengths,  care  being  taken  that  fiber  ends  overlap  in  adjacent  rows. 

3.  Addition  of  the  matrix  resin  ana  "working"  it  into  libers  with  a  flat 
ended  spatula  until  good  fiber  orientation  is  achieved. 

4.  Curing  under  heat  and  pressure. 

The  process  is  time  consuming,  but  it  provides  the  essential  characteristics 
of  near  perfect  fiber  orientation.  Photomicrographs  have  demonstrated  that  a 
high  degree  of  fiber  orientation  is  obtained  by  this  method  for  short  boron  fibers. 

Using  this  technique,  a  series  of  composites  was  prepared  using  short  boron 
fibers  in  an  epoxy  matrix.  The  principal  variable  was  fiber  length  (l/H",  1/4", 

1/2",  1",  and  continuous  fibers  were  used).  Since  these  fibers  were  5  mils  in 
diameter,  the  corresponding  aspect  ratios  (i  /  d)  were  25 ,  50,  100,  200  and  *> , 
as  indicated  in  the  figures.  Flexural  strengths  varied  over  this  range  front 
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73,000  to  280,000  pal  and  moduli  from  22  x  10*’  to  41  x  IQ4,  psi;  an  aspect 

ratio  of  200  ga ve  about  70%  of  the  strength  and  over  80%  of  the  modulus 

obtainable  with  continuous  filament.  Similar  results  were  obtained  using  a 

special  grade  of  boron  fiber  (1.3  mil  diameter)  and  prepregged  "S"  glass 

fiber.  The  small  diameter  of  the  glass  fibers  (0.  4  mil)  did  not  permit  them  to 

be  processed  using  the  vibrating  technique,  so  a  special  hand  lay-up  technique 

using  short  pieces  of  prepreg  tape  was  developed.  A  "brick-lap"  construction 

was  used.  Strengths  and  modulus  data  are  given  in  Figure  i  through  4.  Figures 

1  and  2  show  the  variation  of  modulus  and  strength  of  short  fiber  boron  composites 

with  fiber  aspect  ratio.  Another  way  of  considering  the  data  is  shown  in 

Figures  3  and  4  where  fiber  efficiences  are  plotted  versus  aspect  ratio  of  the  fibers. 


Figure  1  Effect  of  Aspect  Ratio  on 
Composite  Modulus 


Figure  2  Effect  of  Aspect  Ratio  on 
Composite  Strength 


t .  ..J  .  . . . 

Figure  4  Effect  of  Fiber  Aspect:  Ratio 
on  Fiber  Efficiency  (Strength) 


t  igure  3  Effect  of  Fiber  Aspect  Ratio 
on  Fiber  Efficiency  (Modulus) 
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In  Figure  3,  modulus  data,  efficiency  ist  calculated  as: 


Efficiency 


maagur ed  modulus 
theoretical  modulus 


Theoretical  modulus  is  calculated  from  the  rule  of  mixtures  equation.  In 
Figure  4,  strength  data,  efficiency  calculations  were  based  on  dg.sa  obtained  for 
continuous  fibers: 


Efficiency 


~ _ measured  strength _ 

strength  of  continuous  fiber  composite 


In  all  cases  results  were  normalised  to  55%  fibers  before  being  plotted. 

Preliminary  results  have  also  been  obtained  using  short  graphite  fibers. 
"Thornel"  25  ,  a  continuous  graphite  yarn  from  Union  Carbide  made  up  to  lOp. 
diameter  filaments,  was  cut  to  desired  lengths  for  the  study.  Since  small 
diameter  filaments  cannot  be  oriented  by  the  vibrational  technique,  three 
alternative  fabrication  techniques  were  used.  In  these:  (l)  yarn  was  vacuum 
impregnated  with  "A”  stage  epoxy  while  in  a  cavity  mold  (2)  chopped  "B" 
staged  yarn  was  laid  up  by  hand  using  procedures  developed  for  boron  and  (3) 
prepregged  yarn  was  extruded  and  the  extrudate  compression  molded.  Data 
is  summarized  in  Table  I  and  the  fabrication  technique  (1,  2  or  3  from  above) 
indicated.  The  volume  percent  fiber  reported  for  the  composites  was  calculated 
using  the  density  of  the  carbon  filaments  and  nitrogen  content  of  the  composite 
from  Kjeldahl  analyses. 

Conclusions 


p*  ^omsihm  * ,  > 


High  performance  composites  can  be 
prepared  from  short  boron  fibers; 
absolute  and  specific  strengths  and 
moduli  significantly  exceed  those  of 
aluminum , 


V«*  •*»*■*» 

•tevste  '.tiewr  *#*«*»• 


sea 


L,  Fiber  aspect  ratio  (l/d)  is  a  much  * 

more  pertinent  fiber  characteristic 

than  fiber  length  for  predicting  composite  strength  and  modulus. 

3.  Fiber  aspect  ratios  of  about  100  to  200  are  requ  red  to  achieve  fiber 
efficiencies  of  70%  and  above. 
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In  the  future  these  studies  will  be  extended  to  cover  additional  variations 
in  fiber  modulus;,  matrix  modulus,  fiber  orientation,  volume  fraction  loading, 
coupler  studies  and  water  soaking,  and  test  temperature. 


DYNAMIC  FATIGUE  RESISTANCE  OF  FIBROUS  REINFORCED  PBASTIC 

COMPOSITES  SR-  M.  Anderaonf" 

In  many  applications,  fatigue  performance  of  composite  materials  is  of 
equal  importance,  sometimes  even  of  greater  importance,  than  other  physical 
properties.  Accordingly,  fatigue  studies  were  started  early  in  the  fabrication 
program.  The  information  is  needed  to  guide  fabrication  work  since  good 
dynamic  as  well  as  good  static  properties  must  be  built  into  the  composite. 

During  the  last  year  investigations  have  been  directed  toward  identifying 
and  quantifying  major  factors  controlling  fatigue  of  composite  materials.  These 
»  udie*  have  led  to  the  first  reported  parametric  equation  for  fatigue  performance 
of  composite  materials.  It  defines  the  quantitative  contribution  of  several  of  the 
composite  constituent  properties  in  the  fatigue  phenomena. 

T2 


M  M 


L 


F.  L 


ult  T 


G.  .  dT 
M 


B 


where 


M. 


hit 


dr 


matrix  modulus 
ultimate  elongati on 


an  integral  of  the  shear  modulus  of  the  matrix 
resin  i  om  cure  temperature  to  test  temperature. 


o  ~  maximum  cyclic  shear  stress  on  the  NOL  ring 

under  test. 

B  -  the  slope  of  the  line  where  log  F.  JL-  is  plotted 

versus  log 

F ■  L.  fatigue  life;  or  number  of  elapsed  cycles  where 

sample  deformation  has  inc  reased  10%  where  opera¬ 
ting  fatigue  under  constant  load  conditions. 


In  its  current  torn- 

wound  st  r.-.'l!;  i  c@  a 


e  equation  is 

!  i  'i  V  K  s-*  fit  j  *•  a  * 

*  r  "  4 


o*  cou  rue,  restricted  to  simple  filament 
t.e .s t  conditions  under  v. hich  it  was  developed; 
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L  e.  »  (1)  the  testing  mode  described  in  previous  reports  (2)  the  use  of 
chemical  coupling  agents,  and  (3)  testing  temperatures  from  25 ‘C  down  to 
-196  "C- 

Studies  not  previously  reported  show  that  (i)  testing  speeds  from  100  to 
400  cycles  per  minute  do  not  significantly  affect  the  fatigue  performance  and 
(2)  nor  does  surface  machining  of  the  NOL  ring®.  In  addition  it  has  been  shown 
that  the  chosen  failure  criteria  in  these  tests  {!.  e.  „  cycles  where  a  30%  increase 
in  deformation  occurs)  gives  comparable  quantitative  composite  damage  whether 
starting  at  low  or  high  stress  levels  for  the  fatigue  test.  In  c  irrent  studies 
the  influence  of  reinforcement  concentration  is  being  defined.  At  this  time 
however,  it  can  be  stated  th  it  this  factor  does  influence  fatigue  life  and  therefore 
wall  constitute  a  new  parameter  to  be  added  to  the  fatigue  life  equations. 
Qualitatively  speaking,  increases  in  volume  fraction  loac  ig  of  the  glass  rein¬ 
forcement  give  an  increase  in  fatigue  life  of  the  composite. 

A  new  fatigue  apparatus  has  been  designed  and  is  now  under  construction. 

It  will  provide  a  new  dimension  to  the  fatigue  studies.  The  apparatus  will 
accommodate  two  specimen  shapes,  (l)  a  hollow  tube  tested  in  shear  and  (2) 
a  rectangular  cross  section  beam  tested  in  three  point  flexural  fatigue.  These 
capabilities  will  provide  for  studying  important  additional  factors  in  the  fatigue 
studies. 

Future  plans  consist  of  (l)  testing  of  hollow  tubes  from  which  engineering 
data  can  be  expected,  (2)  testing  in  flexural  fatigue  mode  which  will  permit 
greater  stresses  to  be  applied  to  the  fibrous  reinforcement,  and  (3)  to  conduct 
corresponding  studies  where  short  fibers  represent  the  reinforcing  phase  ot  the 
composite. 

FI B ER  ENCAPSULATION  AND  FLOW  ORIENTATION  ( H .  M  .  Andersen  and 

l.i.  C  Morris) 

A  method  has  been  developed  for  encapsulating  chopped  boron  fibers  m 
epoxy  resin  to  give  a  prepreg  molding  compound  in  which  each  fiber  5.-  abedden 
and  collimated  in  the  resin.  Flow  -molding  of  the  granules  gives  specimens  having 
high-  performance  properties.  The  methed  is  also  applicable  to  other  fibers, 

Fauric  itsoss  of  high  performance  composite*  t corn  discontinuous  fibers  presents 
a  number  of  special  problems .  Most  a  rise  from  the  nature  of  the  fibers  which  must 
be  used.  In  addition  t>,  being  very  small  and  very  stiff,  they  must  r*e  tnto-por* - 
tec!  at  high  loadings,  thoroughly  mixed  into  and  welded  by  the  resin  matrix,  and 
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oriented  to  take  advantage  of  their  proper!  es.  The  fibers  are  highly- susceptible 
to  damage  Airing  mixing  a.-.-d  in  any  subsequent  forming  operation,  especially  if 
melt  flow  is  involved.  These  and  related  problems  have  hindered  the  development 
of  processing  techniques  for  short,  high  performance  fiber*. 

Ideally,  the  fibers  should  be  incorporated  into  molding  compounds  processible 
by  conventional  techniques  -  extrusion  or  transfer  molding.  Granular  prepregs 
of  this  type  would  permit  the  preparation  of  complex:  'tapes  by  much  more  effi¬ 
cient  and  effective  methods  than  the  laborious  techniques  now  used.  Some  glass 
reinforced  molding  compounds  now  available  represent  a  step  in  this  direction  but 
generally  are  deficient  in  flow  and  do  not  vxeld  the  modulus  required  of  high 
performance  composites. 

Our  work  has  been  aimed  at  developing  molding  compounds  which  overcome  the 
processing  problems  .^nd  parmit  fabrication  of  complex  shapes  reinforced  with 
short,  high  performance  fibers.  To  this  end,  our  work  has  concentrated  on 
incorporation  of  chopped  boron  fibers  in  epoxy  resins.  Glass  fibers  and  several 
other  materials  have  also  been  used.  The  work  is  divided  into  >0  phases: 

(1)  The  preparation  of  the  moldin';  compound  itself  (encapsulation)  and  (2, 

The  forming  processes, 

E-xpe  rimer.tal 

The  molding  compound  is  prepared  by  a  process  refer  red  to  in  the 
Project  as  encapsulation.  This  consists  of  the  following  steps: 

1.  The  fibers  are  slurried  in  an  aqueous  solution  of  an  emulsifying  agent 
along  with  any  additional  component  such  as  interstitial  fillers-  In 
seme  cases  the  emulsifying  agent  can  be  omitted. 

Coupling  agent  is  added  and  the  slurry  hea'ed  to  70  ®C . 

3.  The  required  amount  of  resin  is  heated  to  the  same  temperature  and 
added  to  the  slurry  with  atirring. 

4.  The  hardener  is  added  and  aH ,-ri.ng  is  continued  at  70"  for  30  minutes. 

The  choice  of  time  and  temperature  is  arbitrary;  it  has  merely  been 
found  to  produce  a  B- stage  satisfaciai  y  for  our  purposes. 

5.  The  mixture  is  rapidly  cooled,  the  water  decanted,  the  product  washed 
with  cold  water,  and  air-  dried. 

The  granular  product  obtained  from  the  ab<  rC  process  has  a  specialized 
structure  worth  noting.  Starting  with  Ioc««*  e  ore- cut  fibers,  granules  »  re  obtained 
in  which  individual  fibers  are  uniformly  snifce  Med  in  epoxy  resin  in  a  collimated. 
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parallel  array.  Grain  length  is  roughly  one  to  two  times  the  original  fiber  length; 
grain  diameter  is  roughly  half  the  fiber  length.  Grain  shape  may  vary  from  slim 
and  pointed  through  elongated  ellipsoids  to  nearly  perfect  right  cylinders  or 
skewed  cylinders.  The  interstitial  space  between  fibers  may  he  filled  with  clear 
resin  or  with  a  mixture  of  resin  and  interstitial  agent  (finely  divided,  solid). 

A.  mixture  of  fibers  such  as  glass  and  boron  can  be  used.  Some  examples  are 
shown  in  Figures  J  to  8. 

Vie  have  employed  three  methods  for  forming  specimens: 

1.  Transfer  molding. 

2.  Extrusion,  followed  by  compression  molding  of  the  strand. 

3.  Compression  molding  of  the  grains  directly. 

Transfer  molding  and  extruision  are  highly  preferred.  Both  produce  good 
fiber  orientation  and  overlap  and  therefore  yield  improved  properties.  Transfer 
molding  has  the  advantage  that  a  finished  article  its  produced  in  one  operation. 

We  have  not  as  yet  determined  the  degree  to  which  fiber  orientation  can  be 
produced  and  controlled  in  other  than  a  long  narrow  cross -section.  Transfer 
molding  has  been  restricted  to  small  (2$”)  tensile  bars:  good  fiber  orientation  was 
obtained  in  the  gage  section.  Thus  far,  the  extruded  strands  have  been  too  irregular 
to  test  per  se,  but  can  ye  compression  molded  to  give  excellent  speciim  n». 

The  present  extrusion  equipment  is  primitive.  It  consisto  of  a  heavy- walled 
steel  cylinder  fitted  with  an  aluminum  piston.  The  orifice  is  screwed  into  the  side 
of  the  cylinder  near  the  bottom.  The  assembly  is  placed  in  a  hydraulic  press  to 
apply  force  to  the  piston.  Heat  is  supplied  by  the  platens  and  by  steam  tracing 
on  the  or  fice. 

This  design  results  in  two  major  problems.  One,  the  pressure  is  difficult: 
to  control  with  the  press  now  in  use  and  results  in  uneven  extrusion  rates. 

Second,  lit  extruded  strand  comes  out  horizontally;  with  no  take-up  mechanism, 
it  i 8  difficult  to  control  straightness,  continuity,  and  draw-down,  A  vertical, 
in-line  extruder  is  being  built  which  is  expected  to  alleviate  these  problems. 

Orifice  geometry  will  require  major  attention. 

Results 

We  have  found  that  for  circular  orifices  significant  orientation  parallel 
to  the  flow  axis  will  occur  with  volume  loadings  of  30  v/o  and  greater  as  long  as 
the  orifice  <  .ameter  is  about  equal  to  or  smaller  than  the  length  of  the  fibers. 


u ' 1  i '  1. 1  -( -  ;.h  j  1 1  i  f  i  t.p.t  n }  1 1  n  H 


re  Z  E -229 
30  v/o  glass,  1  ;8"  roving 
5  vyo  Attapuigus  Clay 


re  1.  E-218 

40  v/o  glass,  1/8"  chopped 

roving 


h  ftp  vm  {i  im  u  1 1  UM  HT  i 


|Hi!|iOi(|j 


re  6.  E-242 

40  v/o  glass,  1  /4"  chopped 

roving 


30  v/o  glass,  1/4"  roving 
5  v/o  Attapulgus  Clay 


ilk  B  IS 

.  ^ - - ■  kv  1  .  .  ^ 

Eigu  re  7  t 

U)  V/O  IU> 
10  v/o  Air 

■  .. ,  ‘ .  |  4 

1  it!  -  V>  ,  i  H  '  X  i  i  i  i  ■  i 
a  i h 1 1 g us  Cl a  v 

•244- 


TOP  PRESS  PLATEN 


STEAM 

TRACiNG 


INTERCHANGEABLE 
ORIFICES  - - v 


ORIENTED  SHORT 


FIBErX#^^; 


FILLED  EPOXY  EXTRUDATE 


IF 


EXTRUDER 

BARREL 


BOTTOM 

PLATE 


77 


HEATED  PRESS  PLATEN 


Figure  9  Fiber  Filled  Therrnoset  Extruder 

At  present,  alignment  of  fibers  is  based  only  or*  vi ;>uai  observation  and  microphoto¬ 
graphs  of  strand  left  in  the  orifice  after  extrusion;  no  actual  measurements  have 
been  made.  However,  orientation  must  be  reasonably  good  since  high  efficiencies 
of  60  -70%  are  obtained  in  translating  fiber  moduli  to  composite  moduli.  This 
is  also  an  indication  that  compression  molding  of  the  strands  does  not  den  nipt 
fiber  alignment.  Strengths  are  also  high. 

The  best  properties  obtained  fer  each  of  several  composites  are  given  in  the 
Property  Summary  Table.  The  column  headed  "Formed  By"  refers  to  the  method 
used  to  make  the  specimen.  Sample  E -252,  shown  on  the  next- to- the- last  line  in 
the  Table,  illustrates  that  the  objectives  of  the  study  can  be  met; 

1  It  contained  a  high-modulus  fiber  at  a  loading  high  enough  to  be  effective. 

2.  It  was  easily  extrudable  and  extrusion  produced  orientation  without 
excessive  fiber  breakage.  The  extruded  strand  was  readily  compression 
molded  to  give  test  specimens. 

3.  Properties  are  in  the  high  performance  range. 
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Epoxy  Encapsulated  Fibers 
Property  Summary 


Vol. 

Flex. 
Str. 
psi  x 

Reinforcement 

_ 2<l 

103 

Glass : 

1/32"  Milled 

Fiber 

40 

20.  4 

1/8"  Milled 

Flake 

33 

17.  1 

1/0"  Chopped 

Strand 

40 

65.  3 
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40 

55.  5 
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40 
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45 
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40 
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20 

2.  3.  8 

10 

29.  3 
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40 

19.  2 

C  rot: idol ite 

40 

30.  6 
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•<0 
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1  /4 "  x  4  mil 

‘t  7 

1  / 8 "  x  P  1  mil 

46 

66 

.1  /8"  x  !.  3  mil  (2) 

35 

60 

>  /8"  x  !  3  mil 

50 

7  5 

1  /  8  ”  x  1 ,  »  m  1 1  { 2 ) 

3  5 

40 
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M0 

2 

Transfer 

206 
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la  our  kiio  ledge  thia  is  the  first  experimental  verification  that  automated 
forming  processes  ~  extrusion  and  perhaps  transfer  molding  -  can  be  adapted  to 
chopped  boron  composites.  It  is  particularly  significant  that  these  results  were 
obtained  with  ’’thin".  1.  3  mil,  boron  fiber.  This  material  is  more  flexible  and 
has  a  small  enough  diameter  that  aspect  ratio  does  not  have  to  be  seriously 
sacrificed  in  chopping  to  a  processible  range.  Four  mil  boron  fiber  in  ■£" 
auftd  |f"  lengths  ha s  also  been  successfully  encapsulated,  but  preliminary  extru¬ 
sions  'have  caused  excessive  fiber  breaks 
Discussion 

The  exploratory  nature  of  the  program  has  precluded  any  systematic  variable 
study  or  mechanism  study.  However,  baaed  on  spot  observations  and  intuition, 
the  following  is  what  is  thought  to  happen: 

The  oil  phase,  consisting  of  hardener  dissolved  in  resin,  is  in  the  emulsion 
state  initially.  As  the  resin  crosslinks,  its  modulus  gradually  increases,  the 
emulsion  becomes  unstable,  and  the  particles  tend  to  coalesce.  The  coalescing 
resin  is  attracted  to  and  wets  out  the  fiber;  this  process  appears  to  be  aided 
by  a  cationic  finish  on  the  glass  or  the  use  of  a  c  tionic  emulsifier.  As  the 
resin-coated  fibers  collide,  they  stick  together.  Surface  tension  of  the  resin 
then  causes  crossed  fibers  to  straighten  out  into  a  parallel  array  -  minimizing 
the  total  resin- wat  sr  interface.  This  har  actually  been  observed  under  the  micro- 
scope.  In  favorable  cases,  longitudinal  motion  of  the  fibers  also  occurs,  giving 
grains  with  "squared- off"  ends,  rather  than  long  grains  with  over-lapping  fibers. 
At  present,  this  requires  the  presence  of  a  suitable  anti- clumping  or  interstitial 
agent.  Cure, "B  -  staging^  is  now  continued  to  the  point  where  the  grains  are  no 
longer  tacky  enough  to  stick  together  when  cool.  In  the  absence  of  an  interstitial 
agent,  the  grains  may  continue  to  grew  indefinitely,  resulting  m  a  massive 
cl  jmp. 

Squared-off  grains  are  preferred  for  handling  characteristics.  However, 
to  produce  the  fiber  overlapping  netet  ..a  :  y  for  good  strength  and  modulus  in  the 
composite  they  require  shear  during  the  forming  operation..  his  is  prc  vidt’d  by 
extrusion  or  transfer  molding.  ‘’Firnty"  grains  have  overlapping  fibers,  and 
therefore  compression  molding  may  better  suffice  them.  Some  compi  ornise 
between  "aqua red-off"  and  "pointy"  is  probably  Jesi rablt* 

An  important  development  in  the  study  . ..«  recognition  of  the  role  of  intern!  Ora  I 
agents  in  granule  formation.  They  make  practicable  lb*  -tee  of  the  to  n>>e  r  itK-ri 
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required  for  best  properties,  If  none  is  used,  the  longer  fibers  (l/8n  and  up) 
tend  to  form  very  large  grains  (l  to  3!‘)  or  clumps.  These  large  aggregates  are 
unmanageable  for  extrusion  or  transfer  molding,  and  can  be  compression  molded 
only  with  difficulty.  Addition  of  interstitial  agents  causes  the  longer  fibers  to 
be  encapsulated  in  bundles  of  dimensions  roughly  the  lengths  of  the  fibers  used. 

As  described  above,  the  grain  shape  mav  vary  from  pointed  grains  to  right  cylinders, 
depending  on  the  fibers  and  the  interstitial  agent. 

We  have  done  essentially  no  work  on  the  mechanism  of  grain  formation, 
with  or  without  interstitial  agents.  We  assume  that  surface  tension,  electrical, 
and  rheological  forces  may  all  be  involved.  Now  that  some  remits  have  been 
obtained,  such  studies  are  justified  and  needed. 

A  potential  problem  in  the  process  is  water  retention  by  the  grains,  causing 
porosity  when  moldings  are  made  directly  from  them  without  any  pre-heating. 
Extrusion  appears  to  drive  off  this  water  as  no  difficulties  are  encountered 
in  subsequent  molding  operations.  Probably  the  usual  radio-frequency  pre-heating 
would  also  serve  this  purpose.  The  problem  does  not  appear  severe,  but  a 
means  to  pre-dry  the  grains  is  desirable. 

Transfer  molding  of  boron  composites  has  met  o:,ly  limited  success  so  far. 

Good  fills  have,  been  obtained,  but  fiber  breakage  has  been  excess  vs.  Additional 
work  using  molds  and  gates  better  suited  to  this  very  stiff  fiber  may  cure  the 
problem.  Our  transfer  molding  capability  is  being  expanded  to  permit  varying 
both  product  rheology  and  the  molding  operation.  If  successful,  the  formation  of 
complex  shapes  by  this  route  would  be  most  attractive.  The  glass  composites 
transfer-mold  readily. 

Extrusion  offers  an  alternate  route  to  complex  shapes  containing  oriented 
fibers  The  extruded  strand  can  be  warmed,  shaped  to  the  approximate  contour 
desired,  and  placed  in  an  appropriate  compression  mold.  Heat  and  present'?  then 
result  in  forming  the  article  in  which  the  fiber  orientation  has  been  largely 
determined  bv  the  placement  of  the  strand. 

Fiber  orientation  in  the  strand  is  achieved  by  extrusion  using  an  orifice  with 
the  correct  exit  diameter..  The  remaining  problems  are  essentially  to  fine  the 
combination  of  inlet  profiles ,  temperature  profiles  and  extrusion  pressure, 
which  lor  a  given  molding  compound  will  give  a  at  rand  with  the  desired  compactness  , 
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As  previously  mentioned,  an  in-line,  vertical  extruder  is  being  constructed 
which  will  be  in  operation  by  the  time  this  report  is  published.  It  will  allow 
a  more  thorough  study  of  the  numerous  parameters  involved  ii«  melt  f'lew  fiber 
orientation.  Besides  alleviating  previously  mentioned  problems  of  pressure 
control  and  horizontal  output  inherent  with  the  present  apparatus,  the  new 
equipment  will  allow  control  of  temperature  profiles  and  provide  a  symmetrical 
flow  pattern.  The  symmetrical  flow  pattern  should  enable  extrusio;,  at  lower 
pressures,  thus  reducing  fiber  breakage  and  permitting  extrusio..  of  compounds 
with  higher  volume  loadings  of  fibers. 

At  present,  extrusion  is  generally  limited  to  circular  cross  sections. 

An  extrusion  of  a  boron  composite  through  a  ribbon  orifice  (%''  x  0.060") 
resulted  in  inferior  fiber  orientation.  Additional  work  on  orifice  geometry  and 
other  factors  will  be  necessary  to  produce  highly  oriented  rectangular  cross 
sections. 

Both  transfer  molding  and  extrusion  have  the  essential  virtue  that  fiber 
orientation  and  overlap  are  accomplished  mechanically  rather  than  by  &  manual 
process. 

Overall,  the  encapsulation  technique  makes  three  contributions  to  the 
fabrication  effort  in  the  ARPA  Project: 

1.  It  permits  the  preparation  of  extrudable  oriented  prepregs  from  fibers 
which  are  not  readily  pre-pregged  in  continuous,  multifiiament  form. 
Boron  filament  is  the  prime  example. 

Z.  It  permits  the  easy  preparation  of  ternary  (or  higher;  composites. 

These  may  be  two  macro- fibers ,  such  as  boron  plus  glass,  or  a 
macro- fiber  plus  an  interstitial  reinforcement,  such  as  glass  plus 
wh lake  r s  . 

i.  It  provides  a  method  for  prepregging  loose  fiber.  This  permits  use 
of  whiskers  and  may  present  son  »  advantag  •  for  fibers  which  can  be 
pre-pregged  before  cutting,  such  as  glass  roving,  in  the  tatter 
ce  sc,  bare  roving  is  easier  to  cut  to  short  lengths  than  is  pre-  pregged 
roving;  and  our  encapsulated  glass  tends  to  have  a  lower  bulk  factor 
than  any  t  hoppeci  pre  -pregged  roving  which  we  have  seen. 

Conclusions 

1. -  Short  iibt-is,  including  boros,  can  be  encapsulated  in  rpojty  rets  in  in 

a  collimated  grain  form. 

2,  Solid  phases ,  in  addition  to  the  mac  fiber  ■  id  resin,  may  be  ir-c  rpo rat 
in  the  composite  grains. 


) 
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3.  Such  grains  containing  short  boron  fiber*  can  be  extruded  and  molded  by 
conventional  techniques  to  yield  oriented  specimens  having  high 
performance  properties- 

4»  The  process  is  adaptable  to  using  a  number  of  reinforcing  apafceriaia- 
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In  Fahri  cation  and  Processing;,  techniques  we  re  developed  for  whisker 
fiber  classification;  strands  of  wel  1  -or  i  ent  ed  whisker  fibers  made  and 
fabricated  into  high  performance  composites;  x-ray  di  ffract  ion  techniques 
applied  to  measuring  fiber  orientation,  property  maps  developed  for  short 
fiber  composites;  short  boro.*  fibers  encapsulated  to  make  a  pre-preg 
molding  compound  in  bead  form;  fiber-mat  ri  x  dry  mix  molding  explored; 
and  data  obtained  rel  at  ing  m-*t  rix  properties  to  fat  igue  characteristics. 

In  education,  a  graduate  program  in  materials  science  was  put  into  effect 
by  the  university;  two  one-semester  seminar  courses  conducted  for  the 
Association  students  and  scientists;  *nd  a  summer  workshop  in  mechanics 
organ!  zed. 

In  communication,  the  second  annual  syinposi  um  on  high  performance 
composites  was  held;  publication  oi  »  new  journal.  Journal  of  Composite 
Materials,  begun;  and  five  papers  published. 
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The  purpose  ci  the  Monsanto/ Washington  University  ARPA  program,  "High  Perform¬ 
ance  Composites,  "  is  to  demonstrate  through  accomplishments  in  research,  educa¬ 
tion,  and  communication  that  university-industry  coupling  is  an  effective  system  for 
doing  advanced  materials  research.  This  report  is  an  accounting  for  the  second  year 
of  tlie  project . 

in  Mechanics,  the  finite-element  method  was  used  to  calculate  the  longitudinal  stiff¬ 
ness  of  short  fiber  composites;  the  instability  of  parallel  edge  cracks  determined 
from  the  energy  concept  and  the  strength  and  inherent  crack  si?,e  obtained  front  the 
stability  calculations;  Young's  modulus  calculated  tor  randomly  oriented  fibrous 
composites;  a  mat  lie  mat  i<  al  approach  proposed  for  calc  ula,  ing  stress  fields  around 
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